INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
‘thesis and dissertation copies are in typewriter face, while others may
be from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in
reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly
to order.

University Microfiims imternational
A Bell & Howell Information Company

300 North Zeeb Road. Ann Arbor, Mt 48106-1346 USA
313:761-4700 800.521-0600






Order Number 9817195

Electron transport in Al,Ga;_xAs/GaAs semiconductors with
intense far-infrared perturbations

Plombon, John Joseph, Ph.D.

University of California, Santa Barbara, 1992

U-M-1

300 N. Zeeb Rd.
Ann Arbor, MI 48106






UNIVERSITY OF CALIFORNIA

Santa Barbara

Electron Transport in AlyGaj]-xAs/GaAs Semiconductors with Intense Far-

infrared Perturbations

A Dissertation submitted in partial satisfaction of the requirements for the degree

of

Doctor of Philosophy
in
Physics
by
John Joseph Plombon

Committee in charge:
Professor Mark S. Sherwin, Chairperson
Professor S. James Allen

Professor Philip Pincus

November 1992



The dissertation of John Joseph Plombon

is approved:

Hod o for Philip Pimean

Pk Sl

Committee Chairperson

November 1992

it



ACKNOWLEDGMENTS

I am indebted to Bill Bewley and Chris Felix for discovering the effect this
thesis tries to explain and for their help along the rocky road it took us along. I would
like to thank my advisor Mark Sherwin for all his devoted effort in tying to train me
as a physicist even though at times he met strong opposition, All the time and effort
Mark spent reading this thesis and providing comments is greatly appreciated. Iowe
aspecial thanks to the brilliant technical staff, past and present, of the Center for Free-
Electron Laser Studies (CFELS). A very special thanks goes out to David Enyeart
for teaching me how to operate the free-electron laser (FEL) and for his help on
technical details involved in performing an FEL experiment.

The early stages of this research was done in collaboration with Michael
Warden and I thank him for his encouraging words and support during the days of
the mysterious photovoltaic data.

Iam very grateful to CFELS for providing me with the opportunity to work
with Bob Austin and Mi Hong of Princeton University. This was a very unique
opportunity and the experience can be described as down right fun! They are two
very special people.

I would like to acknowledge the state of California and all her beauty. The
Higher Cathedral Spire and East Buttress of the Middle Cathedral Rocks of
Yosemite Valley deserve special mention here for putting all of this work in
perspective.

Finally I would like to thank my family for their love and support.

iit



VITA
May 14, 1964—Born—St. Paul, Minnesota.
1986—B.S., University of Minnesota.
1986-87—Teaching Assistant, Department of Physics, University of California,
Santa Barbara.
1987-1991—Research Assistant, Department of Physics, University of California,
Santa Barbara.
1991-1992—Teaching Assistant, Department of Physics, University of California,

Santa Barbara.

PUBLICATIONS
“Far-infrared Perturbation of Electron Tunneling in Reaction Centers?”, Robert H.
Austin, Mi K. Hong, Chris Moser, and John Plombon, Chemical Physics 158, 473
(1991).

“Far-infrared Capture of Electrons by DX Centers”, J. J. Plombon, W. W. Bewley,
C. L. Felix, M. S. Sherwin, P. Hopkins, M. Sundaram, A. C. Gossard. Appl. Phys.
Lett. 60, 1972 (1992).

“Far-infrared Harmonic Generation in an AlxGal-xAs Heterostructure”, W. W.

Bewley, C. L. Felix, J. J. Plombon, B. Galrikian, M. S. Sherwin, M. Sundaram, A.
C. Gossard, and B. Bimir. To be submitted to Physical Review B.

iv



ABSTRACT

Electron Transport in AlxGaj.xAs/GaAs Semiconductors with Intense Far-

infrared Perturbations

by
John Joseph Plombon

Hall electron transport measurements were done in an Aly3Gap7As:Si
epilayer with intense far-infrared radiation (FIR) perturbations. Intense FIR of a few
meV was found to induce hot electron capture by DX centers. Transport measure-
ments were also done in an Alp3Gag 7As/GaAs heterostructure (2DEG) and the
intense FIR is believed to induce hot electron real-space transfer from the 2DEG to

the Alg3Gag.7As:Si region of the heterostructure.
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Introduction

The silicon donor in GaAs and AlxGaj-xAs determines the electrical prop-
erties of these technologically important semiconductors. For AlxGaj.xAs with x <
0.22, the Si donor acts as a shallow hydrogenic impurity, familiar from elementary
solid state physics courses. However, for x > 0.22, the Si donor can act as a deep
donor, and its behavior becomes much more complicated. Perhaps mostremarkable
isthe phenomenon of "persistent photoconductivity". For T<S0K, photoconductivity
persists even after the light source (hw>0.8¢V) is removed. At these low tempera-
tures, the ionized state of the deep Si level, or DX center, is metastable. Capture is
prevented by a barrier associated with a "large lattice relaxation" necessary to fill and
empty the DX center. Most deep semiconductor levels are not associated with such
a capture barrier, and the electrons are easily recaptured once they have been ionized
from the deep level.

Because of the technological importance of GaAs/AlxGaj-xAs based
semiconductors for making very fast transistors, the DX center has received much
attention in the last 15 years. For example, physical properties of the DX center play
a large role in determining the switching times of these devices.

We discovered that the large electric fields of intense far-infrared radiation
(FIR) can induce electron capture by DX centers (deep silicon impurity levels) in
AlxGai-xAs (x>0.22) semiconductors. The capture was observed in the regime of

persistent photoconductivity (T<S0K) where the electrons trapped by the silicon
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atoms take hours to days to equilibrate with the conduction band electrons by

emitting and absorbing thermal phonons.

Chapter 1 discusses the electronic states of the Si impurity atom in Al,Gaj.
xAs (x>0.22) semiconductors. When the silicon impurity is located at a lattice site
(replaces a Ga or Al atom) it is referred to as a substitutional donor and donates an
electron to the crystal. In this substitutional configuration, the electron is weakly
bound to the Si atom. The Si impurity level can become deep, the DX level, when
the Si atom moves between lattice sites to what is called an interstitial position. This
movement to an interstitial position takes place with the rupturing of Si- As chemical
bond. The discussion of substitutional electronic impurity levels of Si leads to the
development of the interstitial model for the DX center.

Chapter 2 discusses samples and experimental techniques. The electron
capture was observed by monitoring the electron Hall concentration of a silicon
doped Alg 3Gag 7As epilayer as the sample was exposed to short (SOpsec) pulses of
intense FIR from a CO2 pumped Raman shifted molecular gas laser (TEA laser). The
importance of doing photo-Hall measurementstodetermine the electron concentration
is discussed in detail.

Chapter 3 discusses the transport or photo-Hall data which clearly shows that
intense FIR reduces the electron concentration in a Si doped Alg 3Gag,7As epilayer
for temperatures below 200K. Thisreduction inelectron concentration is interpreted
as electron capture by DX centers.

Chapter 4 discusses the analysis of the photo-Hall dataanditis suggested that
the observed capture is the result of heating of electrons by intense electric fields

from FIR laser pulses. A simple calculation of electron heating is presented in terms
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of energy and momentum relaxation times to estimate the amount the electrons are

heated by the intense FIR.

Chapter 5 discusses and analyzes photoconductivity data of an Alg 3Gag 7As/
GaAs heterostructure two dimensional electron gas (2DEG). The electrons of the
2DEG are heated by the intense electric field of the FIR and transferred (inreal space)
to the Alp 3Gag 7As barrier of the heterostructure. This transfer of electrons is called
real-space transfer. A threshold FIR electric field forreal-space transfer is found that
is consistent with intense microwave induced (35GHz) real-space transfer in a
2DEG.

Chapter 6 discusses photovoltaic signals believed to arise from both the
metal contacts to the AlyGaj.xAs/GaAs semiconductor and electrons in the AlxGaj.
xAs/GaAs quantum wells.

Chapter 7 summarizes the thesis, discusses the circumstances necessary to

observe the FIR induced capture, and discusses possible future experiments.
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Chapter 1

Electronic Impurity Levels of Silicon in
AlyGaj.xAs Semiconductors

§ A Introduction

The electronic impurity levels of a silicon atom in an AlxGaj-xAs
semiconductor are quite complex. The levels can be shallow or deep bound states
in the forbidden gap of the semiconductor depending on the position of the silicon
atom in the lattice and the lattice temperature. The impurity levels can also be
resonant with the conduction band states and not bound within the gap. The purpose
of this chapter is to provide background information about the different Si impurity
levels and discuss how they are related. Much time is spent developing this
background information because an understanding of both the shallow and deep
level are necessary to interpret the photo-Hall transport measurements discussed
within this thesis.

We assume throughout that the silicon atoms are far enough apart (150A
apart for Si concentration psj = 3x1017cm-3, compared with 3A for the "Bohr radius”
of the deep level) that they do not interact with each other. We will then consider only
a single Si impurity in the GaAs or AlyGaj-xAs lattice. The discussion begins by

studying the GaAs lattice and is generalized to the AlxGaj.xAs lattice as the subject



is developed.

The chapter is organized so that all the background information about the
AlxGajxAsband structure and substitutional Siimpurity levels needed to understand
the deep interstitial level (DX center) are presented first so the model for the DX
center can be developed as clearly as possible. The chapter starts off with a
discussion of the band structure of GaAs and AlyGaj.xAs. The substitutional Silevel
is then discussed with an emphasis on the fact that the substitutional Siimpurity level
can exist as a deep level called the D° level. The most important feature of this DO
level is that it can exist as a resonant state in the conduction band and is believed to
be the intermediate state for hot electron capture by the DX center. It is very
important to understand the details of the substitutional donor before attempting to
understand the interstitial level or DX center since the DX center is formed when the
Si atom moves from its substitutional position to an interstitial position. With all
this background information presented, the DX center is discussed and the chapter
is concluded with a discussion of the different possible capture mechanisms of

electrons by the DX centers.

§B The band structure and symmetry properties of GaAs and
Aleal-xAS

Introduction
Inorderto pursue discussions of Siimpurity levelsin GaAs and AlxGaj.xAs,

a knowledge of the band structure and symmetry properties of the GaAs (AlxGaj.-
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Fig.(1.1) Conventional cubic cell of the zinc-blende structure where the
shaded sites are occupied by one kind of atom and the unshaded by
another [1.1]. For GaAs a = 5.6533A [1.2].

xAs) lattice is needed. This section provides the necessary background information
needed forunderstanding deep Siimpurity levels in AlyGaj_xAs. The mostimportant
information about the GaAs band structure is the existence of three main conduction

band minima (I, L, and X) along with their degeneracies.

The GaAs crystal lattice
The GaAs lattice is a zinc-blende lattice which has an equal number of
gallium and arsenic atoms distributed on a diamond lattice. Each atom has four of

the opposite kind as nearest neighbors, as shown in Fig.(1.1). The zinc-blende
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Fig.(1.2) First Brillouin zone for the zinc-blende lattice including important
symmetry points and lines[1.3].
structure consists of two interpenetrating face-centered cubic (fcc) Bravais lattices
(i.e. a Ga fcc and an As fcc), displaced along the body diagonal of the cubic cell by
one quarter of the length of the body diagonal. In summary, the GaAs lattice can be
regarded as a face-centered cubic lattice with a two-atom basis at 0 and (a/2)(x +y

+ z) with a lattice constant a = 5.65A as illustrated in Fig.(1.1).

Important symmetry points I', L, and X of the reciprocal lattice
Many of the important symmetry properties of GaAs are described in terms

of the reciprocal lattice. The first Brillouin zone for GaAs is a body-centered cubic
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(bee) primitive unit cell in reciprocal space. Shown in Fig.(1.2) is the first Brillouin

zone with its boundary and high symmetry points and lines. The two points labeled
L and X correspond to points on the first Brillouin zone boundary in the <111> and
<100> directions respectively. The I” pointis at the center of the Brillouin zone with
k = (0,0,0). The other two high symmetry points are given by
X-points: k =*(2n/a)x, +(2r/a)y, T(2n/a)z
L-points: k = X(n/a)(x+y+z), 2(n/a)(-x+y+Zz)
H(w/a)(x-y+z), (m/a)(x+y-Z)

where X, ¥, and z are unit vectors in the x, y, and z directions respectively.

The conduction band minima I', L, and X of GaAs

These high symmetry pointsI", L, and X correspond tolocal conduction band
minima as showninFig.(1.3). The energy bands for GaAs shownin Fig.(1.3) are the
results of an empirical pseudopotential calculation [1.4] that neglects spin-orbit
effects and agrees well with experiments. The absolute minimum of the conduction
band and the absolute maximum of the valence band occur at the same k point of the
Brillouin zone, namely k = (0,0,0), the I point, as can be seen from Fig.(1.3). This
means that GaAs is a direct band gap semiconductor.

The degeneracy of I, L, and X, is important for constructing effective mass
states associated with each of the degenerate local minima. The I point, k=(0,0,0),
atthe center of the first Brillouin zone, is nondegenerate. The eight equivalent points
of the L. minima at the zone boundary are shared by two Brillouin zones, so the L
minima are 4-fold degenerate. Similarly the X minima at the zone boundary are three

fold degenerate.



Fig.(1.3) Band structure of GaAs [1.4].

The conduction band minima atI', L, and X have furtherimportantdistinctions
in the fact that the electron mobility, effective mass, and density of states is different
foreach of the minima. When the electrons are transferred from the I band minimum
to either the X or L band minima, their effective masses are heavier because of the
smaller band curvature (m*=12(d2E/dk2)-1). The electrons in the X or L band
minima also have a reduced momentum relaxation time (lower electron mobility)
because of the scattering between these minima and the higher density of states at
these minima (larger effective masses, m*, ppose<(m*)3/2(E-E)1/2).

The effective masses in the various conduction band minima of GaAs are as

follows: for the I" band minimum,
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m*(T) = 0.067m,, me is the electron mass,

for the L band minima

m*(@L) = 0.22m,
and for the X band minima

m*(X) = 0.41me.
The effective masses are density of states effective masses without the degeneracy
factor included [1.5]. The degeneracy factor was left out (effective masses taken
from [1.6]) since each degenerate minimum will be considered to have a shallow

effective mass state associated with it as discussed in Chapter 1, §D below.

Pressure dependence of the I', L, and X minima of GaAs

Applying hydrostatic pressure to GaAs changes the relative positions of the
I', L, and X minima as shown in Fig.(1.4). For pressures below 41.3kbar, GaAs is
a direct band gap semiconductor with the I minimum the absolute conduction band
minimum. For pressures above 41.3kbar, GaAs becomes an indirect band gap
semiconductor with the X minimum as the absolute conduction band minimum. The
effect of hydrostatic pressure on GaAs band structure is very similar to adding
aluminum to GaAs to form AlxGaj-xAs (compare Fig(1.4) with Fig.(1.5)). The
conduction band minima change qualitatively in the same way with lkbar of

pressure equivalent to about 1% Al content in Al,Gaj.xAs.

The I, L, and X bands in AlyGaj.xAs

When aluminum is added to the GaAs lattice, it substitutes with the Ga atom
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Fig.(1.4) Pressure dependence of the shallow hydrogenic Si donor in

GaAs. For pressures less than 41.3kbar, the donor, D, is associated with

the I band (not shown) and D, lies about 6meV below it. For pressures

greater than 41.3kbar, the donor is associated with the X band and D°, lies

about 40meV below the X band [1.7].
(Group I element) and forms the ternary compound AlxGaj.xAs where the mole
fraction x represents the fraction of Al replacing Ga in the GaAs lattice. With the

addition of Al in GaAs, the energy band minima I', L, and X change in response to

the changing atomic environment of the AlxGaj.xAs crystal as is shown in Fig.(1.5).
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Fig.(1.5) The three band minima, I', L, and X dependence on aluminum
mole fraction, x. Also shown is the dependence of the shallow hydrogenic
Siimpuritylevel, A (T') ord°, and the deep substitutional Siimpurity, A (L)
or D°, on aluminum mole fraction,x [1.8].
The rate at which the I' minimum changes is faster than the rate at which the X and
L minimachange. Thus, with a sufficient percent of aluminumthe I’ minimumcrosses

the X minimum and then the AlxGaj.xAs crystal becomes an indirect band gap

semiconductor. This direct to indirect band crossing occurs at a value of Al mole
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fraction, x¢, around 0.40. The value of x¢ is somewhat uncertain and has been

reported to be anywhere from x=0.37 [1.9] to x=0.45 [1.10]. Recently T. N. Theis
[1.8] argued in favor of the smaller value of xc=0.37 which is much lower than the
commonly accepted value of x:=0.43.

A parameterization of how Er, EL, and Ex depends on Al mole fraction can
be found in [1.8]. All of the AlxGaj.xAs epilayer studied in this thesis had x=0.30.
Using the parameterization found in [1.8], AErp.(x=0.3) and AErx(x=0.3) are
estimated to be

AET (x=0.3) =EL(0.3) - Er(0.3) = 0.087eV  (x=0.37)
AErx(x=0.3) = Ex(0.3) - Er(0.3) = 0.087eV.
There are quadratic corrections to the above parameterization and slightly different
parameterization for x,=0.45 [1.11]. For comparison purposes, these
parameterizations give
AEr(x=0.3) =EL(0.3) - Er(0.3) =0.103 eV (xc=0.45)
AErx(x=0.3) = Ex(0.3) - Er(0.3) = 0.152eV.

The important information to draw from ali this i< that AE (x=0.3)=0.1eV.
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§C The Shallow Hydrogenic Silicon donor, d°

Introduction

The Si atom (a column IV element of the periodic table) is a substitutional
impurity when it sits at the site of a gallium (Ga) atom (a column III element) in a
GaAs lattice . In this substitutional configuration, the extra valence electron of the
Si atom (compared with Ga) is weakly bound to the silicon impurity, resulting in a
bound shallow level within the gap. Other deep substitutional Si impurity states
exist. These deep states are not bound states but resonant with the conduction band
states (see Chapter 1, §E).

The spectrum of bound electronic states of the Si substitutional donor in
GaAs is well described by hydrogenic levels of the effective mass approximation
(EMA) [1.12] because the electron bound by the Si impurity sees the Si nucleus
screened by the large dielectric constant of the GaAs crystal. Furthermore, the small
effective mass of the electron in GaAs increases the electron orbital radius around
the Si impurity (reducing the binding energy even more). For a semiconductor with
dielectric constant € and effective mass m*, the electronic substitutional impurity
levels are given by

Eq = -e*m*/(242€2n2) = -(m*/me?)R/(n?) = -R*/n2  Eq.(1.1)

with Z = 1 and R = 13.6eV where -R/n2 is the electron energy spectrum of the free
hydrogen atom. The substitutional Si impurity in the GaAs lattice can be thought of
in terms of a screened hydrogen atom with an effective Rydberg of

R* = (m"/me2)R = (4.29x10-4)(13.6¢V) = 5.83meV
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where m* = 0.067me and € = £(0) = 12.5 for GaAs. For a hydrogenic impurity in

GaAs, the Rydberg is reduced by about a factor of 1000 from that of a free hydrogen
atom. Similarly the effective Bohr radius for the electron around the impurity in a
semiconductor is given within EMA by

a*n =(h2en2)/(e2m*) = 0.53(m/m™)n2e A.  Eq.(1.2)
For GaAs, a*, = 100A corresponding to about 18 lattice constants (the lattice

constant for GaAs is 5.65A which is the length of a unit cell side).

Optical and thermal ionization energies of the shallow donor

Atvery low temperatures (T<5K) where the shallow Si donor is notionized,
the donor may be ionized with a photon of energy equal to or greater than the binding
energy of 5.8meV. The minimum photon energy needed to ionize the donor is
referred to as the optical ionization energy, Eo. The donor may be ionized by
phonons and this thermal ionization has a threshold energy called E4. For shallow
hydrogenic donors, Ey is equal to or very close to E4q. This means that when the
impurity is ionized there is little or no rearrangement of the neighboring atoms
(lattice relaxation) around the impurity. The case of a deep donor can be quite
different and sometimes there is a large rearrangement of the impurity atom and its
neighboring atoms which is referred to as a large lattice relaxation (LLR). This will
be discussed in more detail in §F and §G of this chapter and is mentioned here to
provide a context for the lack of a lattice relaxation associated with the shallow

hydrogenic donors.
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The central cell correction

Shown in table 1.1 [1.13] is how well the effect mass approximation
describes the experimentally measured energy levels for a variety of hydrogenic like
impurities in GaAs. The effective Rydberg in GaAs is 5.83meV which is equal to
the EMA’s prediction of the energy eigenvalue for the ground state, Ejs level, for
a hydrogenic donor in GaAs. Table 1.1 shows that there is a slight dependence of
Ejs on donor chemical species, referred to as the chemical shift. EMA does not

predict a dependence of the ground state energy on impurity chemical species.

Table 1.1 GaAs Donor Levels

Donor Ejs(meV),Exp. Ejs(meV), Exp. Ezs(meV), EMA

Si 5.854 1.42 1.44
Ge 5.908
Sn 5.817
S 5.890
Se 5.808
Te 5.892

Also givenin table 1.1 is the energy eigenvalue for the first excited state, Eag
level. The EMA value agrees well with experiment since the screening of the donor
atom’s nucleus is more effective for the excited states than the ground state. Whereas
with the donor in the 1s ground state (spherically symmetric) with the smallest Bohr
radius, 2%, it will spend more time in the unit cell containing the impurity and be

more affected by impurity differences. A correction for the ground state energy
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taking into account the effect of the interaction of the ground state electron with the

donor nucleus can be estimated with a pseudopotential calculation [1.14] and is
referred to as the central cell correction. The chemical shifts of the Ejglevel observed
in GaAs for different impurity atoms can be thought of qualitatively in terms of the
differences in electronegativity between the substitutional impurity and the atom it
replaces [1.13].

The energy level at which the central cell correction can be neglected
depends on the semiconductor system studied. For impurities in GaAs, it suffices
to consider a central cell correction only for the ground state whereas for impurities
in Si the deviations from the EMA are more significant and central cell corrections

for some of the excited states are discussed within the literature [1.14].

The limit where EMA is applicable

The effective mass approximation works well for substitutional impurities in
GaAs since the dielectric constant is large and the effective mass is small which leads
to a very delocalized electron wave function. Then the predicted EMA binding
energy of the electron to the impurity atom is about 5.8meV which is more than 2
orders of magnitude smaller than the GaAs band gap (ET gap = 1.42eV). Within the

limit that E15<<ETggp, the effective mass theory works well.
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§D Shallow donors associated with the L. and X conduction band

minima

The effective mass approximation predicts the existence of shallow donor
levels associated with the conduction band minima other than the absolute minimum
of the conduction band (I" minimum for AlyGaj.xAs x<0.37 and X minimum for
x>0.37) [Bassani’s theorem Ref(1.15)). These states are only weakly coupled by the
coulomb potential so that their energies depend mostly on the band masses. This
means that there is a series of hydrogenic effective mass states (1s, 2s, 2p, etc.)
associated with each of the degenerate conduction band minima - one at I, three at
X, and four at L.

The effective mass associated with the X minimumis m*(X) = 0.41me so the
1s state associated with the X minimum is then E15(X) = 36meV(Eq.(1.1) with n=1
and m*=m*(X)) [1.16] which is of moderate depth. The central cell potential does
not mix and split the three degenerate 1s states of the X minimum because it is of
opposite symmetry to the effective mass state. The three fold degenerate shallow
level associated with the X minimum is labeled as a T2 crystal symmetry state [1.12]
(a triplet hybridized state of the crystal host atom's (Ga atom) wavefunction and a
p like impurity (Si atom) wavefunction).

The 1s state derived fromthe L minimum (m* (L) =0.21me)is also of moderate
depth, E1¢(L) = 18meV. The impurity potential of the group III Si substitutional
donor does mix the four degenerate L minima [1.19] so that the crystal symmetry

state A [1.12] (a singlet hybridized state of the crystal host atom’s wavefunction and
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the 1s like impurity wave function) is pulled down by about an additional 25meV or

so [1.19] by the attractive central cell potential. The triplet T2 state is not affected

and is left near its one-minimum value.

Pressure dependence of donors associated with I and X

Applying hydrostatic pressure to a sample of GaAs:Si, the E1g level follows
the I" band of the conduction band and not the L or X band (or a combination of all
three minima) for pressures below 41.3kbar as shown in Fig.(1.4). Above 41.3kbar,
GaAs becomes an indirect band gap semiconductor and then Ej ¢ follows the X band
which is the point that corresponds to the absolute minimum band gap energy for
these pressures. The conclusion drawn from these measurements is that the ground-
state wave function for the donor electron in GaAs is made up of low lying Bloch
states (with small wavevector) from a single conduction band minimum. This is an
important property of effective mass states (shallow donors). This is not the case for
deeply bound donors which are constructed from high and low lying Bloch states

(with large and small wavevector, k) from many conduction band minima.

The Ejg level in AlyGaj.4xAs

A similar tracking of Ejs to the I" band is seen for AlxGaj.xAs when the
aluminum mole fraction, x, increases from 0 to (.35 as is shown in Fig.(1.5). For x
> 0.37, AlxGaj.xAs crosses over from a direct band gap to an indirect band gap
semiconductor and then Ej; tracks the X band as discussed above.

The levels discussed above are schematically (not to scale) represented in
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Donor on Ga site

Fig.(1.6) The Siimpurity donorlevels associated with the three conduction

band minima T, L, and X in GaAs (not to scale) [1.20].
Fig.(1.6). Animportant feature of the A1 and T states associated with the L and X
minima in AlxGa1.xAs is that there are regions of aluminum mole fraction, x, where
the states are resonant with the conduction band (i.e., above the conduction-band
minimum) and regions where A1 is a bound state. Both To(L) and T2(X) are resonant
conduction band states for all values of Al mole fraction. Whether Aj(L) isresonant
or bound depends on the Al mole fraction in AlGaj-xAs as shown in Fig.(1.5) and

is a bound state near x=0.35.
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§E Deep substitutional Si impurity level, DO

Introduction

If an external perturbation causes the neighboring As atoms around the Si
substitutional impurity to move slightly, then the shallow substitutional Si levels, dO,
can become deep while the Si atom still sits at its substitutional location. This more
deeply bound state is referred to as a DO level. Hydrostatic pressure on GaAs is an
example of such an exfemal perturbation along with the strain field that occurs on
the As atoms in AlxGa].xAs from the mixture of neighboring Al and Ga atoms
(nearest neighbor atoms of As).

The effective mass approximation (EMA) predicts the existence of shallow
hydrogenic states for substitutional impurities in semiconductors. The EMA fails
when the impurity levels become deep (i.e. Ejg is no longer much smaller than the
band gap, Egap). As discussed above, effective mass states from degenerate
conduction band minima can be mixed by the impurity central cell potential and
become deeper than what EMA predicts them to be. There is theoretical support for
the existence of deep substitutional impurity levels of A1 symmetry when the central
cell potential of the impurity is taken into account. There are a number of different
ways to calculate the effect of the central cell potential that either consider a position
dependentdielectric constant of the impurity, €(r), [1.21, 1.22, 1.23] oran interaction
of the impurity with the nearest neighbor atoms [1.24, 1.25, 1.26]. In one case,
Ref(1.25), the effect of the central cell potential is to produce a distortion or shift of

the nearest neighbor atoms of the impurity with the impurity remaining in its
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substitutional position,

Experimental evidence for D°

There is experimental evidence for this deep substitutional A; state (D°
level) [1.27, 1.28]. It has been observed by photoluminescence (PL) studies of Si,
S, and Ge impurities in GaAs under hydrostatic pressure. All three impurities are
resonant with the conduction band at zero pressure and become bound states with
applied pressure (9kbar for Ge, 20kbar for S, and 29kbar for Si). Below these
pressures, the donors are shallow and above these pressures the donors are deep
bound substitutional levels. These donors do not exhibit evidence of moving from
there substitutional position and becoming interstitial (between lattice sites) - i.e. are
distinct from the deep interstitial impurities (DX centers) in that they do not exhibit
persistent photoconductivity (PPC) (see Chapter 1, §F).

Deep donors which move to interstitial positions are quite complicated and
are very distinct from substitutional donors. These interstitial donors are the subject
of the next section and are critically important to this thesis. All that has been said
so farabout substitutional donors was intended as important background information

leading up to the interstitial donor.
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§F Deep interstitial Si donor in AlxGa]-xAs, the DX center

Introduction

When an impurity in a substitutional configuration shifts to a position
between lattice sites (interstitial position) the physical, electronic, and equilibrium
properties of the impurity donor drastically change. Shown in Fig.(1.7) is an
example of a silicon impurity in GaAs moving from a substitutional position
(Fig.(1.7a)) to an interstitial position (Fig.(1.7b)). The motion is along the cubic
crystal [111] direction and the Si-As bond ruptures when the Si impurity moves to
an interstitial configuration.

Although the substitutional Si impurity donor can be deeply bound, the
interstitial Si donor is much more deeply bound. This is discussed quantitatively in
terms of the amount of lattice relaxation associated with the deeply bound state. For
the deep substitutional case of GaAs:SiG, (Si substituting a Ga), the neighboring As
atoms are calculated to shift by about 3% (0.07A) [1.30] in creating the deep A
substitutional impurity state, D® donor. Whereas for the interstitial configuration,
the calculated distortion introduces a 1.17A shift of the Si atom away from one of its
nearest neighbor (n.n.) As atoms along the [111] bond axis [1.29]. In addition to the
Si atom shift, the bond length between the Ga and As atoms near the Si impurity are
calculated to change by about 2.4% (0.06A). The large movement of the silicon and
neighboring atomic rearrangement is referred to as a large lattice relaxation (LLR).
When the silicon impurity is in the interstitial configuration with electrons bound to

the impurity, it is referred to in the literature as a DX center [1.31]. The neighboring
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(a) (b)
Ga Ga

As Sj

Fig.(1.7) The structural states of a Si donor atom in an AlGaAs alloy are

shown. The structure shown in (a) is stable when the donor is in a positive

or neutral state. The configuration in (b) occurs only for a negatively

charged state (two electrons localized at the Si atom, see Chapter 1, §G, the

charge state of the DX center). The relative stabilities of the two geometries

is alloy dependent [1.29].
atomic movement of the deep substitutional donor, DO, is referred to as a small lattice
relaxation (SLR).

The degree of lattice relaxation can be regarded as a measure of how strongly
the lattice is coupled to the bound electron of the donor impurity. The deeply bound
electrons extend only over a few lattice constants (say 10A). Because of this high
degree of localization in space, they are superpositions of high and low lying (large
and small wavevector, k) Bloch states from many different conduction band minima
(i.e.I', L, X). This is in sharp contrast to shallow effective mass hydrogenic bound
states that are spread out in space (Bohrradius of about 100A) and are superpositions

of only a few low-lying (small wavevector, k) Bloch states from a single conduction

band minimum.
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Electron capture cross section

When the electron is deeply bound to an impurity, the impurity is referred to
as adeep trap, since it traps the electron deep within the band gap and prevents it from
moving freely within the semiconductor. The large lattice coupling suggests that
phonons play alarge role in the electron capture and emission process from the deep
trap. This implies that the equilibration of electrons trapped at these deep levels with
electrons in the conduction band occurs via multiphonon capture and emission
processes (nonradiative processes). This leads to a highly temperature dependent
electron capture cross section for electrons within the conduction band [1.32].

The high temperature limit of the electron capture cross section [1.33] has the
form

0% =0exp(-Ec/kT)  Eq.(1.3)
where G is between 10-14 and 10-15 cm2 and Eq is the thermal capture barrier which
depends on thealuminum mole fraction x in AlyGaj.xAs,x>0.22 [1.34], and is between
0.15and 0.45eV with a minimumof 0.21eV atx = 0.35 near the crossover fromdirect
to indirect band gap material (see Fig.(1.11b)). The capture cross section is well
described by Eq.(1.3) for AlxGaj.xAs, x>0.22, with temperature above about 150K
(kT=10meV) where capture by a multiphonon process is dominant. Below this
temperature, the cross section for capture by multiphonon process becomes sufficiently
small that an optical capture process is dominant. The value of the critical
temperature depends on the energy of the phonon mode involved in the multiphonon
capture process. With the critical temperature being around 150K, this implies that
the phonons involved in the capture process have an energy of about 10meV or less.

Shown in Fig.(1.8) is the phonon density of states in GaAs and it has a local
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Fig.(1.8) Phonon density of states in GaAs [1.32).

maximum around 10meV (TA phonons) which makes the above phonon mode
assignment plausible (a phonon density of states for AlxGay.xAs, x>0.22, would be
more relevant).
In the intermediate to low temperature regime (T<150K), the electron

capture cross section takes the form

o = Af(0) = AARERkT*)2exp(-E¢/kT"),

kT* = (hw/2)coth(hw/2kT) Eq.(1.4)
where A is a term involving only the electronic matrix element of the electron
transition, hwis the average energy of the phonons to which the impurity is coupled,

ERr = SAw is the lowering of the energy of the bound state due to lattice relaxation,
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T* is an effective temperature defined above in Eq.(1.4) [1.32]. Athigh temperature,

T* = T and Eq.(1.4) shows the classical thermally activated capture first predicted
by Mott [1.35]. Atlow temperature, kT* = /2 and the zero-point vibrations of the
lattice play the role of temperature in promoting multiphonon emission (MPE)
transitions. In the definition of ER (ER = S#w) S can be regarded as the number of
phonons needed to induce capture and hence is a qualitative measure of how strongly

the impurity is coupled to the lattice.

Persistent photoconductivity (PPC)

At low temperatures (T<50K) the electron capture cross section becomes
very small and is less than 10-30cm?2 [1.32]. This very small capture cross section
leads to very long times for photoexcited carriers to remain in the conduction band
before they are recaptured by the deep level or DX center. This effectleadstoalarge
photoconductivity that persists for hours, or even days after the optical excitation is
removed and is referred to as persistent photoconductivity (PPC). Shown in
Fig.(1.9) is the effect of PPC on electron carrier concentration, Ng, for a Si doped
AlxGaj-xAs (x=0.29) epilayer sample (see Chapter 2 §B and §C for a discussion of
samples). While warming the sample from cold temperatures, T=10K, Nsis seen to
depend on whether or not the sample isilluminated or kept in the dark. The persistent
ionization is evident by the difference of 2 orders of magnitude in the electron carrier
concentration of the illuminated sample compared to the dark warmed case. When
the sampleis atatemperature (T=150K or higher) where the DX centers can equilibrate
with the conduction band states on the time scale of the measurements, the carrier

concentration for each case of illumination are the same, T>150K (warming at arate
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Fig.(1.9) Hall measurcments of the free electron concentration as a
function of reciprocal temperature inlightly doped Al ,,Gay 7, As:Si[1.36].

of 2K/min.). The fits to the data in Fig.(1.9) show that freeze out (electron capture)
in the low temperature region is to a shallow hydrogenic state with a thermal
ionization energy of 14meV and the high temperature region shows that the electron
is deeply trapped with a thermal ionization of about 73meV (ionization from the DX
center) [1.36]. This is referred to within the literature as the bistability of the silicon

donor in AlyGaj.xAs:Si, x>0.22.

Photoionization energy, E,, of the DX center
The electrons are trapped at low temperatures when the silicon impurity isin

the interstitial configuration (DX center) and can be ionized by either warming up
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normalized at 1.3eV [1.37].
the sample to about 150K or shining light onto the sample. Thereis a photoionization
threshold, Eg, of about 0.8eV as shown in Fig.(1.10). This means that, in order to
ionize the electrons from the DX centers in AlxGaj.xAs:Si (Si doped) x>0.22, the

photon energy must be greater than about 0.8eV (wavelength of 1um).
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From the temperature dependence of the photoionization cross section curve,

a value for the dominant phonon mode for MPE can be estimated. Mooney et al.
[1.38]did such afitforan Alg 33Gag 67As:Siepilayerand found iw=5.53meV which
is consistent with the statement made earlier that the dominant phonon mode is

around 10meV or less [1.32].

Thermal capture, E, and emission, E, energies of the DX center

Along with the thermal capture barrier, E, for electrons getting captured by
DX centers, there is a thermal emission barrier, Ee, for electrons emitted from the DX
centers. These are called thermal barriers since they involve the absorbing or
emitting of many phonons by the electrons to overcome the barrier. Shown in
Fig.(1.11) is how E¢ and E depend on aluminum mole fraction in AlyGaj.xAs. The
thermal emission barrier, Eg, is essentially independent of x indicating that it does
not depend on the conduction band edge (I" band for x<x. and X band for x>x.). The
thermal capture barrier has an x dependence since the energy of an electron in the
conduction band depends on the position of the conduction band edge with respect
to the valence band edge - i.e. the I and X band depend on Al mole fraction, x. The
dependence of E¢ on electron carrier concentration or Fermi level has been subtracted
out soitis not a factor for the datain Fig.(1.11b). The minimum in E; occurs at about
x =0.35 with E¢ = 210meV which is near the direct to indirect band gap cross-over
at x¢ = 0.37 (see Chapter 1, §B). These barriers can be measured by monitoring
electrical capacitance transients while the temperature is varied around a value of
about 180K. The emission or capture barrier is measured depending on whether or

not the sample had been prepared with the traps filled or empty respectively. This
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Fig.(1.11) (a) Emission energy of the DX center in Si-doped AL, Ga, ,As.
(b) Capture barrier of the DX center in Al,Ga, . As measured with respect
to the conduction band. The diodes have 6x10'¢ Si/cm? and the MODFETSs
have 1x10'® Si/cm?[1.39]. E, and E, are measured by DLTS [1.40].

technique briefly described above is referred to as deep level transient spectroscopy

(DLTS) [1.40].
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Thermal binding energy, Eq, of the DX center

The thermal ionization (or binding) energy, Eg, of the DX center in AlxGaj-
xAs:Six>0.22 can be obtained by measuring the temperature dependence of the Hall
electron concentration for temperatures above about 150K. For this temperature
range, the electrons trapped by DX centers can equilibrate with the electrons in the
conduction band on the order of a few minutes.

The electron concentration for this temperature range (T>150K) is given
approximately by

Ns = Noexp(-Eg¢/kT) Eq.(1.5)
so E4 maybe measured by finding the slope of an Arrhenius plot of the electron
concentration versus temperature (see Ref(1.41) for a more accurate analysis). This
has been done for the data shown in Fig.(1.9) and the DX center thermal ionization

energy E{ is found to be Eg=73meV for x = 0.29 in AlxGa1.xAs:Si.
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§G Lattice relaxations and the configuration coordinate diagram
(CCD)

Introduction

A configuration coordinate diagram (CCD) is a qualitative way to help
picture the lattice relaxation associated with a deep or shallow impurity level. The
CCD is often confused with E versus k dispersion relations describing the
semiconductor band structure, but is not related to it. The CCD shows how the total
energy of the electronic energy and elastic lattice energy depend on how much the
lattice is distorted. Most CCDs consider a distortion only in one dimension of a
single impurity and therefore are simplified versions of the three dimensional case

of the actual crystal.

Largelatticerelaxation (LLR)of theinterstitial siliconimpurityin AlxGaj.xAs:Si
(x>0.22)

A distinguishing feature of the DX centeris the fact that the optical ionization
energy barrier, E5=1.0¢V, is much greater than the thermal ionization barrier,
E4=0.1eV whereas for a shallow donor the two are equal (Eq=Eq). In addition, the
large barrier for electron capture, 0.2eV<E:<0.5¢V, is unusual for a deep trap and
leads to a very small electron capture cross sections at low temperature (T<50K) and
the phenomenon of persistent photoconductivity (see Fig.(1.12b) for a schematic
picture of the barrier between the conduction band and the DX center). The large

atomic rearrangement that goes on when the silicon impurity moves to an interstitial
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positionin AlxGaj-xAs:Si(x>0.22)isresponsible for the size of the barriers discussed

above.

A qualitative semi-classical model of this interaction of the electron with the
lattice relaxation (electron-phonon interaction) can be developed by considering the
balance of a one-dimensional lattice energy E;(Q) = (0/2)Q2 with a one-dimensional
electronic energy Ec(Q) = E, -BQ. In these equations, Q represents the lattice
distortion coordinate, Qo is the equilibrium position of the lattice, E;(Q) is the energy
gained by distorting the lattice by Q, a is the lattice force or spring constant, Es(Q)
is the electronic energy gained by a lattice distortion Q. The term E¢, of E(Q) is the
contribution to the energy from the purely electronic part of the Hamiltonian, p%/
2m*+V(r), where p is the momentum of the electron, m” is the effective mass of the
electron, and V(r) is the electronic potential. Distorting the lattice by Q causes the
depth of the electronic potential well V(r) to change by BQV(r). The term BQV(r)
in the Hamiltonian gives rise to the term -BQ in the expression for E¢(Q).

For electrons in the conduction band, vibrations of the lattice coordinate Q
have no effect on the delocalized electrons but increase the energy of the lattice
electron system so the total energy of the conduction band electrons, Er, can be written
as

Er(Q) = (/2)Q%  Eq.(1.6)
For electrons bound at the DX center, the total energy, Epy, is written as a sum of
lattice energy, (ov/2)Q2, and the electronic contribution from the electron bound in
a potential, E¢9-BQ, so then Epy is
Epx(Q) = (w2)Q2 + Ee® -BQ. Eq.(1.7)
ShowninFig.(1.12a)is a sketch of Eq.(1.6) and Eq.(1.7) which are parabolas
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(LLR) [1.42]. (b) Summary of the measured quantities going into the LLR

model [1.33].
with one centered at the origin and one centered at Qp = 3/ct, which is the minimum
of the DX state. The DX center equilibrium energy at Qg is Epx(Qo)=E¢°-Es with
E; the Stokes energy Es=B2/2q, i.e. the lattice relaxation energy. The distorted DX
state liesatan energy E4=Es-E¢° below the conductionband edge. For Alp 3Gag 7As:Si
[1.8], Eq=0.073eV and Eg=1.0eV [1.33].

The DX center can be photoionized and the photoionization energy is given
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by the difference in the total conduction band energy E; at Qo and total DX center

energy at the lattice coordinate Q,

Eo! = Ec(Qo) - EDX(Qo) = Es + Eq.
By examining Fig.(1.12a), it can be seen that no transitions, from the conduction
band to the DX center, involving emission of photons can occur (compare with
Fig.(1.13), an example of a small lattice relaxation where it can occur). This lack of
radiative capture explains why photoconductivity persists (PPC) for a long time in
these systems at low temperature.

The two parabolas sketched in Fig.(1.12) are referred collectively to as a
configuration coordinate diagram in the literature and is a useful way to qualitatively
discuss the interaction of electrons with the lattice. Configuration coordinate
diagrams are used in most fields that are concerned with the electron phonon
interaction - for example, electronic transitions in large molecules, i.e. proteins or
polymers.

Photocapture is possible within this model and the transition takes place at
Q=0 and crosses over to the distorted configuration at the undistorted resonant state
of energy EoC. The threshold for this transition is

El¢ =Eg- Eqy.
Comparing Eo! and Eof, Eq€ lies 2E4 below Eol. To date photocapture has not been
observed. Hjalmarson etal. [1.42] did not detect this photocapture in a measurement

where it should have been readily detected.
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Fig.(1.13) Schematic configuration coordinate diagram for the small
lattice relaxation [1.43]. This configuration corresponds to a bound D°
level within the band gap. See Fig.(1.14) for an example of a resonant D°
level (the parabola labeled Ur+Upe).

Small lattice relaxation associated with the deep substitutional silicon impurity
in AlyGaj.xAs

The A symmetry state, D9, of the deep substitutional Siimpurity has alattice
(Chapter 1, §E) distortion associated with it. The nearest neighbor As atoms shift by
a few percent and lead to a difference in optical and thermal ionization energies
(Eo=40meV, Eq=30meV [1.25]) that is much smaller than the case of the interstitial

donor. Because the lattice distortion for the substitutional impurity is much smaller
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than the distortion for the interstiial impurity, the parabolas making up the

configuration coordinate diagram for the substitutional deep A symmetry state, DO,
are not shifted as much as for the deep interstitial DX state. The situation shown in
Fig.(1.13) corresponds to a bound D state since the minimum of the D° parabola is
below the minimum of the I band parabola. If the DO minimum where above the I"
band minimum than the DO state would be a resonant state (as shown in Fig.(1.14),
the parabola labeled as Ur+Upe). From Fig.(1.5), D% or A(L) is a resonant state in
AlxGaj-xAs for x<0.35 and x>0.41, it becomes a bound state around x=0.35.
Since there is only a small lattice distortion associated with the DO state, an
electron in the conduction band can make a transition to D° by emitting photons (if
DO is a bound state). So radiative capture from the conduction band to the DO state
can occur for the case of a small lattice relaxation. This is not possible for the DX

center which exhibits a large lattice relaxation as illustrated in Fig.(1.12).

The charge state of the DX center, DX- ground state

The substitutional Si impurity in AlxGaj.xAs (x>0.22) can move into an
interstitial location with the neighboring atoms and impurity atom going through a
large nuclear rearrangement as discussed above (large lattice relaxation (LLR) ).
This bond-rupturing distortion is energetically favorable (stable) if the Si impurity
binds two electrons in its interstitial position. This means that the charge state of the
interstitial Siimpurity is negative, i.e. the DX center has anegatively charged ground
state, DX-. This model of the microscopic structure for the DX center was purposed
by Chadi and Chang [1.44] and is supported by a large body of experimental
evidence [1.45].
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The calculation of Chadi and Chang was based on a pseudopotential total-

energy method. An eighteen atom hexagonal cell was used with its axis oriented
along the Si-As bond rupturing direction [111]. Optimal atomic coordinates were
determined by minimizing the total energy. The atomic coordinates were further
optimized by tight-binding calculations on 144 atomcells. Physically this calculation
involves moving the impurity atom and its neighboring atoms and then calculating
the total energy of the distorted configuration. While this is done, one looks for a
configuration of electrons and lattice distortion that is stable (minimizes the total
energy). The major result of Chadi and Chang’s calculation is that the large bond-
rupturing lattice distortion of the Si impurity moving to an interstitial site (along the
[111] crystal direction) is possible (stable) for the negatively charged Si impurity
center (two electrons trapped at the DX center).

The neutral interstitial Si impurity state, DX©, is thought to be
thermodynamically unstable but should play arole in all carrier capture and emission
processes as an intermediate state of the distorted configuration. Thereisexperimental
evidence for the existence of this neutral DX© state and has alifetime of a few seconds
at low temperature (T<50K). The DXO has a very weakly temperature dependent
electron capture cross section (DX? + e- —> DX-) which means that even at low
temperature (T<50K, i.e. the PPCregime) the photogenerated DXO state captures the
second electron. It also means that the barrier between DX° and DX- cannot be high
but a barrier must exist between DX and the conduction band [1.46]. Dabrowski
etal. [1.47] have calculated the neutral DX level, DX, to be metastable lying about
1.0eV above the DX- level with a thermal barrier on the order of 100meV.

The configuration coordinate diagram of Fig.(1.12) (LLR model of Lang and
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Fig.(1.14) Configuration coordinate diagram for the model of Chadi and
Chang in direct-gap Al Ga,,As (0.22<x<0.37) [1.48].

Logan) needs to be modified to incorporate the model of the DX center presented by
Chadi and Chang and the two step ionization process ( DX~ <—> DX0 + e~ <—> do+
+2e ). Illustrated in Fig.(1.14) is the modified configuration coordinate diagram of
Chadi and Chang. The lower parabola on the left, centered at Qo, has two electrons
in the conduction band. The upper left parabola, offset by a small amount to the right
by a small lattice relaxation, has one electron in an A1 symmetry deep substitutional
donor, D?, and one in the conduction band. Hotelectron capture transitions (Chapter
1, §H) from the conduction band to the DX- state are assumed to occur via the D°
level and it is thought to be an intermediate state for hot electron capture by the DX
center (Chapter 1, §H). The two parabolas with minima near Qrrepresent the distorted

configuration of the DX center. The one-electron state of the distorted neutral
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configuration, DXO9, is the intermediate state of the two-step photoionization process

described in Ref(1.49). The first step in this process ionizes one electron from the
DX- state to the conduction band, I, leaving the donor in the metastable DX level.
The neutral DX° can be ionized by another photon or return to the DX- level by

capturing an electron from the conduction band.

§H Electron Capture by the DX Center

Introduction

Electron capture by the DX center is of primary importance for electron
transport in AlxGaj.xAs:Si epilayers at temperatures below around 200K. Hot
electron capture by DX centers at these temperatures is of central importance to this
thesis since this is the dominant process occurring in the far-infrared radiation (FIR)

photo-Hall transport measurements described within this thesis [1.50].

Electron capture

In general, an electron can be captured by a trap via photocapture, thermal
capture, (phonons) and hot electron capture from large electric fields. Photocapture
has not been observed as discussed above [1.42]. Phonon assisted photocapture is
possible within the CCD of Fig.(1.14) if photons induce a transition to the D° level
and then a multiphonon capture process takes the electron from the DO level to the
DX-. The photon energy required for the phonon assisted photon capture is around

100meV but this resonant A state, DO level, has not been directly observed (as an
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intermediate state for electron capture) in spectroscopic studies. There is only

indirect evidence for the A state to be an intermediate state of the DX center for hot

electron capture [1.51, 1.52].

Hot electrons

A hot electron is an electron within the conduction band that has an energy
greater than all the electrons filling the lowest lying conduction band states. An
electron attains energies greater than the conduction band minimum with the
application of an electric field. In crystalline semiconductors with drift mobilities,
[Ld, greater than about 50cm?2/Vsec [1.53], an electron will gain a drift velocity given
by vg=pdE (hence gain kinetic energy) and be heated to energies above the
conduction band minimum. See Chapter 4, §C for a more detailed discussion of hot

electrons in AlxGaj.xAs semiconductors.

Experimental observations of hot electron capture

Electron capture by DX centers has been observed with the application of
short DC voltage pulses across an Al,Gaj-xAs:Si x>0.22 epilayer [1.52] with
1g=1000cm?2/Vsec at temperatures below 200K. The hot electron capture was
observed to be phonon assisted for temperature above about 75K and to be athermal
for temperatures below 75K which is believed illustrates the metastability of the
resonant DO trap state [1.52]. This DO level is metastable in the sense that for
sufficiently low temperatures electrons remain trapped at the D level (the intermediate
state, for hot electron capture, of the DX center).

Virtually identical temperature dependent hot electron capture was observed
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in Alp3Gap7As:Si with the application of intense far-infrared radiation (FIR)

(E=10kV/cmat 50cm-! or 1012 Hz) instead of DC voltage pulses [1.50). We propose
the same hot electron capture mechanism as Theis et al. [1.52, 1.51] does for heating
from DC voltage pulses, for the observed effect in FIR photo-Hall transport
measurements presented here. See Chapter 3 for the photo-Hall transport data and
Chapter 4 for a discussion of these data in terms of hot electron capture mechanism

described above,
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Chapter 2

Samples, Equipment, and Experimental Technique

Introduction

This chapter is divided into three parts. PartI discusses the samples studied
and details about molecular beam epitaxy (MBE) which was used to grow the
samples. Part II covers the equipment that was used to make the measurements
discussed in this thesis. Part Il discusses the details of making the measurements
and the importance of doing photo-Hall transport measurements for determining the

electron carrier concentration of the samples studied
Part I, Sample details

The purpose of part I is to discuss the samples and a few of the important
details of the molecular beam epitaxial [2.1] growth (MBE) useful to the researcher
studying MBE grown samples. All the GaAs/Al,Gaj.xAs samples studied in this
thesis were grown by using the technique of MBE. M. Sundaram and P. F. Hopkins

of the U.C.S.B. Material Science Department grew the samples.
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epilayer
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cleavage planes

Fig.(2.1) Cleavage planes (110) and (1-10) and growth direction (001) for
GaAs substrates used for samples studied in this thesis.

§A MBE grown Al,Ga;_xAs/GaAs:Si semiconductors

Introduction

The MBE epilayers are grown on either semi-insulating (SI) GaAsorn*-GaAs
substrates. The SI-GaAs substrates have impurity concentrations of around 10110
1019cm™3 with the primary impurity atom being carbon. The n*-GaAs substrates have
been doped with about 5x10'8¢cm3 silicon donors. All the samples studied in this
thesis have been grown on SI-GaAs substrates. The n*-GaAs substrates are useful
when the substrate itself is used as an ohmic contact. All the substrates used for
samples in this thesis have cleavage planes in the (110) or (1-10) directions with the

epilayers being grown in the (001) direction as shown in Fig.(2.1). All of the
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substrates were S00um thick.

MBE growth

Atomic layers can be grown by MBE. Layers 50A thick are quite common
with a limiting thickness of around 3A (1/2 a lattice constant) corresponding to a
layer one atom thick. Such atomic or monolayers are grown within an ultra high
vacuum of 1071010 10-1! torr. A molecular beam of Gallium (Ga) and Arsenic (As)
is created by heating up crucibles of Ga and As to temperatures above their heat of
vaporization and heat of sublimation respectively. Typically this corresponds to
about 800°C for Ga and 360°C for As. These temperatures give a growth rate for Ga
of about 1pm/hr and a flux of about Sptorr for As. The group 1Tl element determines
the growth rate. The As is kept at a high flux to ensure plenty is around as the group
III element growth takes place. A molecular beam of aluminum (Al), Ga, As, and
Si dopant atoms can be made with the addition of Al and Si crucibles operated at
about 1000°C and 1300°C respectively.

Monolayers are grown on the substrates by keeping the substrates at a
temperature around 600°C. This allows the atoms to move around a small amount
as the monolayers are grown hence facilitating the crystalline growth of the epilayer
(many monolayers). The temperature the crucibles are operated at determine the rate
at which the monolayers grow to form an epilayer. The temperatures quoted above
produce a growth rate of about 1pum per hour and will vary from MBE machine to
MBE machine (This assumes that the crucibles are not too depleted of material, if
they are then they need to be operated at a higher temperature as is common with the

As crucible.). For more details of the science of MBE growth see [2.2].
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The GaAs substrates are not smooth on the monolayer scale so before any
sample layers are grown a series of about 20 Al, ,Ga, ,As/GaAs quantum wells (periods
of 20A Alg 3Gag 7As followed by 20A of GaAs) are grown. Growing this series of
20 wells (superlattice), produces an epilayer on the surface of the substrate that is
smooth on the monolayer scale [2.3].

With the growth of the superlattice, the epilayer of the substrate is smooth
enough to allow the growth of a quantum well. A heterostructure is grown by
growing 10004 to 1pum of GaAs then abruptly changing to growing Al 3Gag 7As
for about 200A and then adding Si to the Al 3Gag 7As layer for about another 200A.
Then a GaAs cap layer of about 200A is grown on top of the Alg 3Gag7As layer to

prevent the aluminum in the Alg 3Gag 7As layer from oxidizing.

Graded structures

One way of controlling the aluminum mole fraction, x, inan AlyGaj.xAslayer
is by controlling the temperature of the aluminum and gallium crucibles. The higher
the temperature of the crucible the larger the aluminum mole fraction, x, in the
AlxGaj.xAs epilayer. So growing an Aly 3Gag 7As layer requires that the growth
rate for Al be 0.3pum/hr and Gabe 0.7um/hr. This translates to temperatures of 960°C
for the Al and 840°C for the Ga. An important point to realize is that an increase of
50 to 60°C in the crucible temperature will result in changing the growth rate from
0.1umy/hr to 1.0um/hr. If the temperature of the crucible is varied with time as the
Al,Gaj.xAs layers are grown, the aluminum mole fraction will vary spatially in the
growth direction. The energy gap varies with mole fraction as [2.4]

Egap! (x) = 1424 + 1.247x (0<x<0.45).
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A spatially varying Al mole fraction leads to a spatial variation in the conduction and

valence band. This spatial variation of the conduction and valence band produces
potential wells on the length scale of 10A to 100A. The conduction band discontinuity
AE.(eV) between GaAs and Al Gaj_xAs layers is predicted [2.5] to be
AE (x) = (1.1x)eV.

For a typical quantum well, the maximum aluminum mole fraction is 0.3 and the
minimum is 0.0. This gives a quantum well depth of about 300meV. With the
potential wells on the order of a 100A in width, quantum mechanical effects arise for
an electron confined in the well [2.6]. This is why such GaAs/Al,Ga;.xAs wells are

referred to as quantum wells.

Digital alloying

The technigue of digital alloying to grow a quantum well is significantly
different from that of smoothly varying the aluminum mole fraction. With digital
alloying the mole fraction is either a maximum, typically 0.3, or a minimum,
typically for parabolic wells 0.02. A GaAs/Al,Gaj_xAs superlattice is grown with
a 20A period of the GaAs/Al,Gaj_xAs wells having a spatially varying duty cycle.
An example of such a structure with its effective conduction band potential is shown
in Fig.(2.2). The duty cycle of the GaAs and Al 3Gag 7As 20A period superlattice
is varied quadratically which produces a parabolic potential well in the conduction
and valence band. Itis not obvious that this digital alloying will produce a parabolic
well for an electron confined in the digital alloy superlattice. Self-consistent
quanturn mechanical calculations [2.7, 2.9] and experiments [2.8, 2.10] have shown

that the digital alloying shown in Fig.(2.2) does indeed produce a parabolic potential
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Fig.(2.2) Schematic of a digitally alloyed parabolic well. A 20A period
superlattice is grown with each period consisting of one layer of GaAs and
one layer of Al,;Gay,As. The duty cycle of these two layers is varied
quadratically during the growth, such that the average Al content if
integrated over the superlattice approaches the solid parabola shown in the
figure.
well foran electron confined within it. The technique of digital alloying [2.7,2.8] has
been used for all the parabolic and half-parabolic quantum wells studied in this

thesis.

Silicon doping

Silicon doping of the GaAs/AlGaj.xAs quantum well (Si is substitutional
with Ga) donates electrons to the quantum well. The electrons have very high
mobilities on the order of a 100,000cm?/Vs at liquid helium temperatures when the
Si atoms are placed in the Al,Gaj.4As epilayer outside the quantum well. The Si
doping outside of the quantum well is referred to as modulation doping [2.11]. The

reason the mobility is so high is that the electrons are removed from their donor Si
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atoms and hence the ionized impurity scattering is greatly reduced. The distance

between the Siatom doping in the Al,Ga;.xAs epilayer and the edge of the quantum
well is on the order of 100A.

Typical Si atom concentrations in the Al,Gaj_4As:Si epilayer is between
107 to0 10'8cm™3. The back ground impurity concentration in a GaAs epilayer is
around 1014 to 1015cm3, This back ground impurity is primarily a carbon acceptor.
The presence of the carbon acceptor in GaAs epilayers produces p-type doping for
the GaAs layer in an Al,Ga;.4As/GaAs heterostructure (2DEG).

The AlyGaj.xAs barrier layer of the heterostructure is doped with silicon
which makes it an n-type material. The modulation doping of the Al,Gaj.xAs layer
gives the Al Gaj.4As/GaAs interface a negative charge of electrons from the Si
atoms. The electrons are attracted to the interface because of the Coulomb attraction
to the positive Si ions in the Al,Gaj.xAs region. The electrons at the interface are
localized within a region on the order of 100A wide which produces a two

dimensional electron gas (2DEG) at the interface of the heterostructure.

§B Band structures for samples studied

The three basic AlyGaj_xAs/GaAs structures studied in this thesis were an
Alg 3Gag 7As:Si2umthick Sidoped epilayer, an Alg 3Gap 7As/GaAs heterostructure
(2DEG]) and a digital alloyed half-parabolic well. The Alg 3Gag 7As:Si epilayer was
used to study the effect of FIR on electron capture and emission by and from DX
centers. The half-parabolic well and heterostructure were used to investigate

ionization or real-space transfer of electrons from the well or 2DEG to the Al,Ga,.
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Fig.(2.3) (a) Schematic diagram of the MBE growth of an Al,;Ga,,As:Si
2pm thick epilayer without an undoped Al, ;Ga,,As buffer layer. (b) The
band diagram and electrondistribution forthe Al, ;Ga, ,As:Siepilayer. Note
the population of the unintentional 2DEG at the GaAs substrate interface.

LAs barrier layer.
AlGajy.4As:Si epilayer
Two Al 3Gag 7As:Si epilayers were studied in connection with the effect of

FIR on electron transport in the presence of the DX center. The first one studied did
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not have an undoped Alg 3Gag 7As buffer layer between the GaAs substrate and the

Si doped Alp3Gag 7As epilayer. The schematic diagram of the MBE growth, band
structure, and electron charge distribution are shown in Fig.(2.3). The important
aspect of Fig.(2.3b) is that the GaAs substrate interface is populated with a large
amount of electrons. The band structure and electron charge distribution were the
results of a self-consistent quantum mechanical calculation [2.12]. No superlattice
was grown between the GaAs substrate and the 1000A GaAs buffer layer. The 2um
thick Alg3Gag7As epilayer was doped with a silicon atom concentration of
1.5x107cm3, The surface layer depletion depth for this carrier concentration
(200A) is much less than the 2pum thickness of the epilayer[2.32]. The 100A GaAs
cap layer is always grown to prevent the oxidation of the Aluminum in the
Alg 3Gag7As:Si epilayer. The presence of the unintentional 2DEG shown in
Fig.(2.3b) is very troublesome and complicates transport measurements done on
samples that have this 2DEG populated (see Chapter 2, §J). Anundoped Alg 3Gag 7As
buffer layer between the GaAs and the Si doped Al 3Gag 7As:Siepilayer helps prevent
the population of the substrate interface 2DEG if it is sufficiently thick.

The conduction band and electron distribution foran Aly 3Gag 7As:Siepilayer
identical to Fig.(2.3) except for the presence of an undoped Alg 3Gag 7As epilayer
isshowninFig.(2.4). Ascanbe seen fromFig.(2.4b), the effect of having an undoped
Al 3Gag 7As epilayeris toraise the substrate interface 2DEG about 0.8eV above the
Fermi level at low temperatures. This greatly simplifies transport measurements
since the electron concentration in the substrate interface 2DEG is very small
compared with the electron concentration within the doped Aly 3Gag 7As:Si epilayer.

A self-consistent calculation predicts that there will be no electrons populating the
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Fig.(2.4) (a) Schematic diagram of the MBE growth of an Al, ,Ga,,As:Si
epilayer with anundoped Al, ;Ga,;As bufferlayerbetween the doped epilayer
and substrate. (b) The conduction band and electron distribution
corresponding to the epilayer structure in (a). Note that the 2DEG at the
substrate interface is not populated with electrons.
substrate interface 2DEG. There will probably be a very small concentration of
electrons in the substrate interface 2DEG. Measurements of the Hall mobility

provide a crude measure of whether or not the unintentional 2DEG is populated (see

Chapter 2, §]).
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AlyGaj 4As/GaAs heterostructure

Two Alg 3Gag 7As/GaAs heterostructure were studied in this thesis and are
referred to as 2D-12cand 2D-2a. One of the 2DEGs (2D-12¢) wasused to investigate
real-space transfer of electrons by intense FIR (Chapter 5) and the other (2D-2a) was
used to investigate photovoltaic responses to intense FIR (Chapter 6). There is not
anything significantly different between the two 2DEGs. The reason the two
different samples were studied is that the measurements done with them were about
one year apart which means that different samples were available at the time of the
measurements. Only the details of heterostructure 2D-12¢ are presented.

The MBE growth and band structure shown in Fig.(2.5) are typical of
AlGaj.xAs/GaAs heterostructures. The GaAs semi-insulating substrate has a
2000A GaAs buffer layer followed by the substrate smoothing superlattice of 20
periods. Immediately after the superlattice the actual heterostructure growth is
begun with 1um of GaAsand then 250A of undoped Alg 3Gag 7As and another 250A
of Si doped Alg 3Gag 7As. This completes the actual heterostructure growth. The
last layer is a 200A GaAs cap layer.

Hall mobility and electron concentration were measured and found to be py
= 125,000cm?/Vs and Ny = 3x10!cm2 at 8K in the dark. The Hall mobility and
electron concentration measured while the sample was saturated with light from a
LED were py = 320,000cm?/Vs and Nig = 5x10!lcm™2, The areal density of Ny =
3x101ecm2 corresponds to a bulk dopant density of 6x1018cm™3 (The sample was
delta doped at 2x1018cm3 in 104 in increments within the Si doped Alg 3Gag 7As

layer which corresponds to 2x 10 'cm?since 10A=10"7cmthen Nop=(N3p)10-7cm).
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Fig.(2.5) (a) Schematic diagram ofthe MBE growth of an Al ,Ga,,As/GaAS
heterostructure. (b) The conduction band and the electron distribution
corresponding to the heterostructure shown in (2).

Assuming that half of the dopants go to surface depletion the measured areal density

is within a factor of 3 of the growth parameters.



x=0.3 .'
- $ ]
' 7]
3 : s
: : wywm
x=0.01-} - E _,;(__:
b5 0004 Te0R 200k~ 24004 / JzoooA 2000A
+ 200A
100A  Sidoped
GaAsCap 7x10 ¢y
(a) repeated 10 times
x=0.32 d doping R ;
L/ 7 she%s at :
- ¢ L
g,c: 7x10" cm : g g
) -]
@ :a n
x=0.02- { -~ | N\ Lge i
200A 200A 2000A 200A 2000A 4000A
60A 60A
100A
GaAs Cap
(b)

Fig.(2.6) (a) MBE growth schematic for the 10 half-parabolic well sample
HPB-2. (b) MBE growth schematic for the single half-parabolic well
sample HPB-3,

Half-parabolic Al,Ga;.xAs/GaAs quantum wells

Two half-parabolic quantum wells were studied in the context of real-space
transfer, or ionization of electrons from the well (see Chapter 5). Real-space transfer
is the transfer of electrons from the high mobility well region to the low mobility
AlxGaj_4As:Si region of the quantum well structure. They are referred to as HPB-

2 and HPB-3.
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One of the half-parabolic wells, HPB-2, was grown for studying 2nd

harmonic generation in the FIR. It was made up of a superlattice of 10-half parabolic
wells grown by digital alloying as shown in Fig.(2.6a). The structure was doped so
as to have 101%m 2 electrons per well. It seems that most of the charge was in the
first well closest to the surface. A serious problem with this structure was the
uncertainty of where the charge was through the course of an experiment. Diode
flashing, illuminating with visible or IR light, seemed to help distribute the charge
throughout the wells but this was never for certain.

A sample with a single half-parabolic well was also studied in the context of
real-space transfer. A schematic of the MBE growth is shown in Fig.(2.6b). The
digital alloyed half-parabolic well was grown to be 2000A wide with 7 sheets of delta
doping of 0.7x10!1cm 2 of Si on both sides of the well. The Hall mobility and
electron concentration were measured, after a short period of illumination from an
LED at 8K, to be pg = 40,000cm?/Vs and Ny = 1.5x101 em2, After saturating the
sample with illumination, the Hall mobility and electron concentration were found
to be py = 100,000cm%/Vs and Ny = 5.1x10 em2. With the sample saturated with
illumination the well was over-filled and parallel conduction (electron conduction

in the Alp 3Gag 7As:Si layer) was taking place.

§C Sample processing and contact geometry

Introduction
Most of the samples studied in this thesis required only very simple sample

processing. The photo-Hall measurements only required a mesa etch and annealing
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of ohmic contacts. Some of the samples used to study photovoltaic responses
required a Schottky gate along with ohmic contacts. Attempts were made to try and
control the depths of the annealed ohmic AuGe/Ni/Au contacts but were not

successful and the experiment was subsequently redesigned.

Processing procedures

The very first step in processing the sample is to clean the sample. Some
sample cleaving may precede cleaning but the final cleaving may not take place until
all the processing is completed. A standard cleaning processes was followed:
acetone to clean off organic matter, isopropyl alcohol to clean off the acetone, and
then deionized water (D.I. water) to clean off the isopropy! alcohol. The sample is
then blow dried with high purity nitrogen gas.

If a mesa (an elevated table top portion of the sample) etch is required, it
should be done next. This step usually involves photolithography. Firstathin (=1pm
thick) photoresist layer is spun on the surface of the sample. The thickness of
photoresist films depends on the spin speed and the viscosity of the photoresist. The
samples processed for the photo-Hall measurements needed tohave amesa 4pumthick
in order to get down to the SI GaAs substrate. A photoresist (Shipley AZ4330) that
was about 3um thick after spinning at 6000 rpm was used. (When a 4pum thick mesa
is etched any feature 8um or less wide will be etched away since the etcher not only
chemically dissolves material beneath it but also material at the sides of the edges of
the mesa so make sure the features are larger than 10um or resort to a dry etch
procedure.) After the photoresist is spun, the mesa geometry is transferred to the

photoresist via exposure to UV light through an emulsion or metal mask. The mask
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is aligned with the edges of the sample using a mask aligner. After the exposure, the

photoresist is developed and the mesa pattern remains on the sample with the rest of
the photoresist developed away. The developer used was a solution of 50% D.I.
water and 50% Shipley developer.

Now the sample is ready to be wet etched with a solution that chemically
dissolves GaAs and Al,Gaj.xAs withoutdissolving the photoresist. The etch solution
is 14 parts D.I. water (42ml), 5 parts phosphoric acid ‘(15ml), 1 part hydrogen
peroxide (3ml) and will etch at arate of about 7,000A/min . The thickness of the mesa
isperiodically checked with a Dektak I profiler (an instrument used to measure films
on a substrate as thin as 50 to 100A and up to about 100,000A). The Dektak can also
be used to calibrate the etch rate of the etcher solution. The etchis stopped by rinsing
the sample in D.I water. Once the mesa is the correct height, the photoresist layer
over the mesa is removed with acetone and the sample is again cleaned as described
above.

The next step is evaporating ohmic contacts onto selected areas of the mesa.
The contact geometry is specified using photolithography similar to how the mesa
geometry was photographically transferred onto the photoresist. Once again, a mask
aligner is used to align the contact pattern with the mesa geometry. The metalization
used for all ohmic contacts in this thesis was 1000A of AuGe then 200A of Ni
followed by 1000A of Au as a wire bonding cap layer. The gold cap layer is only
necessary if amechanical wire bonder is going to be used. In that case, the thickness
of the gold layer should be at least 1500A if not 2000A. The photoresist layer covers
all of the sample except those areas that will be ohmic contacts. After evaporation,

the sample is placed in an acetone solution which dissolves the acetone and hence
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lifts off all of the metal that was deposited on the photoresist. It seemed that most

every time liftoff was done some specks of gold were left behind on regions
originally covered with photoreist. So it is important that any region that will
eventually be covered with a metal gate be covered with a copper shadow mask. This
assumes that the sample and gate surface are relatively large (at least a few millimeter
square). The reason for this added precaution is that an ohmic contact speck lift
behind from a poor lift off will act like a short from the gate to the 2DEG if the speck
lies on the gate region. Afterlift off, the contacts are annealed at about 400 to 420°C
forabout 3 to 5 minutes. After annealing the contacts, the contacts should be checked
to make sure they are ohmic (i.e. that they have a linear I-V curve). If they are not
ohmic, more annealing is necessary.

If the contacts are not ohmic after more annealing, then there is a problem
with the sample and or contacts and a new sample should be processed. It is
important to check if the contacts are ohmic at low temperature because many times
contacts that are linear at room temperature become nonlinear (Schottky) at low
temperature (T<50K).

Once the ohmic contacts have been successfully annealed and the gate region
is clear of metal flakes from liftoff (determined from examination of the gate region
with a microscope), it is worth while to attempt to evaporate a Schottky gate onto the
gate region of the sample. Once again the contact region is specified using
photoresist as was done for the ohmic contacts. If large samples are being used, use
copper shadow masks to prevent unwanted metalization of selected surfaces. The
metalization for the Schottky contacts is 400A of Ti (to help the gold stick to the

semiconductor) followed by at least 1000A of Au. The author has been told that the
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better the vacuum in the evaporator used make the contact the better the gate will be.
A good vacuum in the e-beam evaporator in the Engineering II cleanroom is about
5x10°7 torr. Many times the Au on the gate is used to help confine the FIR within
the quantum well and it is important that the gold layer is thicker than the FIR skin
depth into the gold (At least 1000A of Au if not 15004, since the FIR skin depth is
about 300A for gold). If a photoresist was used to specify the Schottky contact, then
lift off should be done and the sample cleaned one last time.

Thenextstepistotest to see if the gate is Schottky. Thisisdone by measuring
an I-V curve between an ohmic contact and the gate. A good Schottky gate will have
a nonlinear (diode like) IV curve with a forward turn on voltage of about 1.0 Volt
corresponding to the height of the Schottky barrier at the metal-GaAs surface (see
Chapter 6, §B).

As a final step for preparing an experiment, the sample should be mounted
and wires bonded to the contact pads. The sample is usually G. E. varnished (General
Electricno. 7031) to a copper sample holder that bolts onto a cold finger of a cryostat.
Wires from the cryostat are connected to a small PC board which acts as a strain relief
for fine gold wires which run from the sample to the PC board. The fine gold wires
are silver painted to the contact pads on the sample and to solderlugs on the PC board.
The wires may fail (pop off) upon cooling the sample in the cryostatif they have not
been allowed todry thoroughly. Forbestresults, let themdry overnight butif pressed
do the wire bonding first then continue with the rest of the experimental setup by the
time you are ready to cool the sample a few hours will have passed and the silver paint
should have dried sufficiently well.

If the sample is larger than Smm square, donot G. E. varnish the entire sample
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to the sample holder. The author has repeatedly cracked samples 12mm by 6mm by

G. E. varnishing the entire sample to the sample holder. Since the entire cold finger
contacts by about 2mm when cooling to 10K from 300K. This large sample was
successfully cooled when only a small dot (about 2mm in diameter) of G. E. varnish

was used to hold the sample in place.

Contact and mesa geometries

The contact and mesa geometries used forinvestigating photovoltaic response
tointense FIR in Al,Gaj_xAs/GaAs systems are shown in Fig.(6.2) of Chapter 6, §D.
We were attempting to measure ionization of electrons from a quantum well by
measuring the photoconductivity of the sample in the presence of intense FIR. The
evolution of the contact and mesa geometries used to investigate photovoltaic
responses is discussed in Chapter 6. A valuable lesson can be learned from the
contact geometry of Fig.(6.2a). This was the first attempt made at an eventually
abandoned scheme of trying to contact to the quantum well and a shallow ohmic
contact to the first Alg 3Gag 7As epilayer not shorting to the quantum well in the
process. The contact to the quantum well is simple enough if you etch the correct
depth. The shallow ohmic contact proved to be so difficult we simply gave up trying.
Talking with A. Kastalsky [2.13] about the problem after we had given up made us
realize that obtaining a shallow contact with AuGe/Ni/Au metalization is a hopeless
task. If the reader needs shallow chmic contacts, collaborate with A. Kastalsky and
have his colleagues process the samples for you. The valuable lesson to be learned
here is to never trust anybody you might think is painting a rosier picture than you

might think possible especially if it is a field that is new to you. One final important
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Fig.(2.7) Top view of the mesa and contact geometry for the (a)
photoconductivity measurements and (b) Photo-Hall measurements. The
rectangle surrounding the mesa and contact geometry is the edge of the
sample.

lesson: do your own processing if it is simple enough and give up the project if the

processing is too complicated (this assumes you are with the physics department,
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Fig.(2.8) (2) I-V curve forthe contacts, 1! and 1 2, at the end of the Hall bar

shown in Fig.(2.7b). (b) I-V curve for the two Hall contacts V, and V"

shown in Fig.(2.7b).
leave the heroic processing for the engineers).

The contact and mesa geometry used to study photoconductivity in an
AlyGaj_xAs/GaAs systems is shown in Fig.(2.7a). Two mesa widths were studied

0.5mm and 1.0mm. The mesas were chosen to be narrower than the diameter of the

focused FIR beam which was typically 1.5 to 3 mmin diameter for both the TEA laser
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Fig.(2.9) (a) I-V curve for the contacts V,,® and V shown in Fig.(2.7b).
(b) TheI-V curve forthe contacts V,® and V" forlarge bias voltages showing
a slight deviation from ohmic conduction.

and the FEL. The mesas were about 10mm long leaving about 7mm between ohmic
contacts. The reason for choosing such a long mesa was to avoid illuminating the
contacts with intense FIR of the focused beam.

The contact and mesa geometry used for the photo-hall measurements in an

Al 3Gap 7As:Si epilayer is shown in Fig.(2.7b). All seven contact tabs were
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Fig.(2.10) (a) Hall electron concentration as a function of 1000/T. Two
glitches are seen at 1000/T = 19.8 (T=50.5K) and 1000/T=12.9 (T=77.5K).
(b) Hall mobility as a function of temperature. Two glitches are seen at the
temperature 50.5K and 77.5K

metalized with 1000A of AuGe then 200A of Ni followed by 1000A of Au. The

sample was annealed for 4 minutes at about 410 to 430°C.

Quality of the ohmic contacts of the Hall bar

At room temperature, all seven contacts were ohmic. Not all the contacts
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were used. The contacts marked with I,! and 1,2 in Fig.(2.7b) were used to supply

the bias current. These two contacts were Schottky at temperatures below about SOK
and started to deviate from being ohmic at around 100K. The I-V curve taken around
40X for the two current contacts (101,102) is shown in Fig.(2.8a).

The Hall voltage was measured between the VB and VT contacts shown
inFig.(2.7b). TheI-V curve taken at about 40K for the contacts used to measure the
Hall voltage (VHB, VHT) is shown in Fig.(2.8b). The I-V curve shows that the Hall
voltage tabs were ohmic at 40K.

The sample conductivity or resistance was measured from the IR voltage
drop between contacts VB and Vg as shown in Fig.(2.7b). The I-V curve for the
contacts used to measure the conductivity is shown in Fig.(2.9a). The contacts are
seen to deviate slightly from being ohmic. This deviation is more pronounced than
the deviation from ohmic conduction shown in Fig.(2.9b) which shows the I- V curve
between VB and VYT at large bias voltages.

It is important to be aware of these deviations in ohmic conduction
(nonlinear) becausethey lead to glitches in Hall electron concentration, N, and Hall
mobility, 1y, data as shown in Fig.(2.10). The glitches occur when changing the
constant current through the Hall bar. The glitch at SOK corresponds to decreasing
I, from SpA to 1pA. The glitch at 77K corresponds to decreasing I, form 10pA to

SHA - i.e. not linearly dependent on current.
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Part II, Equipment used

Equipment to be discussed will be the usual list of cryostat, sources of FIR,
and electronics. The discussion will also include a specially built apparatus for the
photo-Hall measurements. The apparatus was a small permanent magnet assembly
that fit over the sample holder and bolted onto the cold finger of the cryostat. The
experimental techniques section will include discussions of how the FIR was
coupled to the sample and a discussion of how the photovoltaic, photoconductivity,

and photo-Hall measurements were done.

§D Cryostats

The primary cryostat used was a variable temperature cold finger with four
windows for optical access (Andonian model #MHD-31-30N). The other optical
access cryostatused was a continuous flow cryostat with a strip line or horn geometry
for coupling the FIR into the sample. This cryostat and coupling geometry will not
be discussed here since a description is given by C. L. Felix (2.14]. Some other
cryostats were used for transport measurements done in collaboration with the
U.C.S.B. Material Science Department. These cryostats were setup for standard
Hall and Shubnikov de Haas transport measurements and will not be discussed
further. Both M. Sundaram and P. F. Hopkins of the U.C.S.B. Material Science
Department did transport measurements using the above mentioned cryostats on

some of the samples studied in this thesis.
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Polypropylene windows were used so as to minimize FIR loss. The windows
are porous to Hey gas so Hep exhaust gas should be carefully vented to avoid
developing a poor vacuum over time. Heater tape was used around the large o-ring
seal at the top of the cryostat to keep it from freezing and hence losing the vacuum.

The temperature could be regulated between 8K and 300K by means of a
needle value, high resistance heater wire, and a Lake Shore Cryotronics DRC 82C
temperature controller with a Lake Shore temperature diode (DT-470 standard). The
heater wire was wrapped around the base of the sample holder near the Lake Shore
temperature sensing diode. The lower the temperature the faster liquid helium was
used. Operating below 10K seemed to be wasteful. Regulating at 12K could be
maintained for about 6 to 8 hours. If longer times were needed the cryostat could be
refilled without moving the cryostat or any of the experimental setup.

The cryostat had many wires running from the feed throughs on top of the
cryostat down to the sample holder at the end of the cold finger. All the wires were
heat sunk at the cold finger running to the liquid He bath. Two twisted pairs were
used for the temperature sensing diode. All other wires were Lake Shore coax
(model #C1). The coax were used for powering the IR LED, measuring photovoltaic
signals, Hall bar current biasing, and measuring Hall voltages and photoconductivity

signals.
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§E FIR sources

TEA laser

The primary FIR source used was the TEA laser operating at either 9R14 or
9R30 pumping a methylfluoride gas producing FIR lines at 29.5cm™! and 43.3cm"
1 respectively (two very strong lines). The typical spot size was about 3mm in
diameter. The vertical axis was about 0.5mm larger than the other. The total pulse
energy for the 29.5cm™! line was typically 3 to 6mJ and for the 43.3cm"! line typically
8 to 10 mJ, but occasionally as high as 15 to 18mJ. Both the 29.5cm"! line (9R14)
and the 43.3cm™! line (9R30) were single frequency lines.

The time structure of the FIR pulse from the TEA laser is very complicated
[2.12]. The pulse length is about 50nsec with fine structure easily seen on the Snsec
scale. The “jaggedness” of the pulse structure can be controlled some what by the

helium gas going to the CO pump laser.

Free-electron laser

The U.C.S.B. Free-Electron Laser was also used. The frequency was
typically around 50cm™!. The spot size varied from 3mmto 1.5mm in diameter. The
pulse shape was a very regular rectangular pulse shape and could be varied from
0.5usec to 15usec. With the original beam line, pulse lengths could not be obtained
much longer than 2psec. With the cavity dump coupler, pulses as short as 30nsec
could be obtained. Typically for pulse lengths of 1lisec, a total pulse energy of 1 to
2kWatts could be obtained around 50cm. Using the cavity dump coupler, powers

of up to about 10kWatts was available at 50cm™!. The FEL was found to have
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harmonics but they are of such lower power they are notof concern for measurements

reported here.

§F Electronics

The standard collection of electronic instruments were commonly used. The
instruments used were: a Hewlett Packard 54200A Digitizing Oscilloscope, Fluke
8840A (with GPIB interface) and 77 DVM, Hewlett Packard 7004B chart recorder,
Lambda LG-412 0 to 40 Volt regulated power supplies, Keithley 236 Source
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Measurement Unit used as a constant current source, Lake Shore Cryotronics DRC
82C Temperature Controller, and FIR power meters and detectors. The Fluke 8840A
and the temperature controller were interfaced to a Macintosh II computer using
Labview version 2.0 software.

Very little electronic fabrication was done for the measurements reported
here. IR and red LEDs were used to illuminate the sample with light. No special
circuity besides a current limiting resistor were used for the LEDs. The LEDs were
simply switched on and off by hand. No circuity was used to control how long the
LED wason. Aresistance bridge circuit along with a battery and the Ithaco 1201 low
noise preamplifier were used to null the resistance of the sample for the

photoconductivity measurements.

§G Hall magnet assembly

One special apparatus was constructed for the photo-Hall measurements. It
consisted of two pieces of very strong permanent magnetic material. The material
was nickel iron boron. The two magnet pieces were rectangular solids of dimensions
1”x17x1/2”. One of the pieces had a 1/4” (5mm) hole drilled in it to allow FIR to
irradiate the sample. The 1/4” hole was very difficult to drill since the material was
so hard and brittle. It was drilled without using a pilot hole. The first try used a pilot
hole but attempting to drill the next larger hole only ruined the drill bit by wearing
away the sides of the bit cutting the material. A standard drill press and bits were
used. The 1/2” deep hole took 45 minutes to drill. Even going this slowly the bit

chipped the material as it broke through the other side. The magnets were held in
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Fig.(2.12) Magnet field lines for the permanent magnet assembly with a
1.0cm gap and residual field of 12.5kG for a nickel-iron-boron permanent
magnet. This arrangement produces a field of 8kG between the magnets.
The soft walls for this calculation were 1/4" thick.

place primarily by there own attractive forces. The copper sample holder was
machined so as to help hold the magnets in place. Soft iron walls of 1/8” thickness
surrounded the magnets and sample holder were used to further stiffen the entire
assembly. The soft iron plates also helped to confine the magnetic field and
concentrate the field within the gap between the magnets. A drawing of the assembly
is shown in Fig.(2.11). The sample is mounted on a stand off so the permanent

magnets do not crush the sample from their strong mutual attraction. One of the soft
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iron walls also has a 3/8” hole drilled in it and it aligns with the 1/4” hole in the

permanent magnet.

The magnet arrangement shown in Fig.(2.12) produces a calculated field
within the gap of the magnets to be 8kG. This arrangement uses a 1.0cm gap and 1/
4” thick soft iron walls with a 1/8” gap between the soft iron and the sides of the
permanent magnets. This arrangement was too large to fit within the cryostat with
liquid nitrogen shields in place. It was modified by: reducing the thickness of soft
iron walls to 1/8”, leaving no gap between the soft iron and the sides of the magnet,
and the gap was reduced to 8mm. The calculated fields shown in Fig.(2.12) did not
assume a 1/4” hole drilled into one of the softiron plates and one of the magnets. The
magnetic field of the final assembly was measured to be about 4kG at the sample
position showninFig.(2.11). The field was measured with a Bell Digital Gaussmeter
model 660R. The presence of the 1/4” hole in the assembly produces a nonuniform
field near the sample. Measurements with the gauss meter showed variations in the
field of about 0.2kG.

There is probably some temperature dependence of the magnetic field from
the permanent magnets as they cool from 300K down to 10K. The fields probably
tend to increase a bit as the magnets cool. The permanent magnets survived many
temperature cyclings. The assembly was always cooled ata rate of about afew kelvin
per minute. Most of the contraction probably takes place from 300K to 77K so rapid
temperature rises or falls at cold temperatures probably does not hurt the assembly

much.
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Fig.(2.13) (a) Typical optics layout for all FIR experiments reported
within. (b) Coupling of FIR normal to the 45° lapped plane on the edge of
the sample.

§H Optics and coupling of FIR into the sample

Alloptical setups used were very similar to the one shown in Fig.(2.13a). The
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only thing that changed from one measurement to another was the coupling of the

focused FIR beam. For all the photoconductivity and photo-Hall measurements, the
FIR was coupled at normal incidence (perpendicular to the plane of the sample). For
most of the photovoltaic studies, the edge of the sample was lapped at 45° and the
FIR beam was coupled at normal incidence to the surface of the lapped 45° surface
as shown in Fig.(2.13b). See C. L. Felix [2.14] for a discussion of edge coupling
efficiency.

The percentage of reflected FIR from normal incidence coupling is given by
the formula:

R = (n-1)¥(n+1)?,
where nis the index of refraction and is about 3.5 forGaAs. So the maximum fraction
of the free field that could get coupled into the sample is 1-R = 0.69 for GaAs.
Therefore all the measurements done with normal incidence only 69% of the free-
space intensity gets coupled into the sample.

The tricky thing in the optics layout shown in Fig.(2.3a) is not having the
cryostat stand interfering with the optics path or focusing mirror. The focusing
mirror used was a Mells Groit off-axis parabola with a focal length of 119mm. This
was about the shortest focal length mirror that could be used with the Andonian
cryostat that was used for the measurements.

Another important point about the optics setup was that the cryostat window
assembly could be removed and replaced without moving the cryostat itself. This
allowed all the optics to be setup and the HeNe alignment beam could be focused onto
the sample without the window assembly on the cryostat. This greatly helped in

setting up the optics. In order to do this the height of the FIR beam above the optics
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bench had to be adjusted to the height of the sample. This was done with two plane

mirrors. This proved to be an easier scheme than adjusting the height of the cryostat
to match the height of the FIR beam above the optics table. The cryostat is a very
heavy object and it is difficult to adjust the height of the sample accurately.

A special cryostat mount was constructed which allowed the cold finger of
the cryostat to be held about 14 inches above the optics table. This was sufficiently
high to remove the window assembly without disturbing the cryostats position. The
tabel which the cryostat sat on was made large enough so that the legs of the stand
where well away from the optics path required by a S inch focusing mirror to

illuminate the sample.

Part IT1, Experimental Technique

§1 The measurements

The three measurements that will be described are photovoltaic,
photoconductivity, and photo-Hall. None of the measurements required any special
electronic equipment. It was nice to have a fast digitizing oscilloscope for the
photovoltaic transients. Some photovoltaic transients were very fast being on the
order of 50nsec (20Mhz). The photoconductive and photo-Hall transients were very
slow typically ranging from 0.1 seconds to hours.

Photovoltaic
The photovoltaic measurements were particularly simple. The sample

usually had two ohmic contacts to the channel (2DEG) and a Schottky gate as shown
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in Fig.(6.2b or 6.2¢) of Chapter 6. One of the ohmic contacts (drain) was grounded

to the cryostat cold finger to reduce noise pickup. Then one of the other contacts,
either the gate or the other ohmic contact (source), was connected to the input of an
oscilloscope whose ground was connected to the cryostat ground (or drain contact).
The oscilloscope was then triggered by the laser (TEA or FEL) trigger pulse. The
photovoltaic response was then stored on the digitizing oscilloscope. Hard copies
were made by hooking up a Hewiett Packard 74704 plotter to the HP digitizing
oscilloscope. Sometimes a negative gate bias (with respect to the channel) was
applied to the gate in order to deplete the channel of electrons. This was done using

a Lambda variable regulated power supply directly to the gate and channel contacts.

Photoconductivity

The photoconductivity measurements were only slightly more complicated
in that they required a constant current source and an LED to expose the sample to
IR or visible light. The sample had only two contacts as shown in Fig.(2.7a). The
current source was either a battery in series with a resistor or the Keithley 236 SMU
used as a constant current source. The series resistor varied from 100k to 20MQ
depending on the resistance of the sample. Since the transients that were studied
were so slow, a chart recorder was initially used to record the transient responses to
irradiation of the sample by intense FIR and light fromthe LED. Eventually the chart
recorder was replaced by a Fluke 8840A DVM with a GPIB interface that was read
using a Macintosh II computer running Labview version 2.0 software. Depending
on what measurement was done, the computer would read the DVM once every few

seconds to once every 0.05 seconds. The digitization rate was an adjustable
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parameter of the Labview application. The digitized data proved to be extremely

useful even though it took a few weeks to a month to analyze the data collected in
just one evening. Only one quantity was needed to be measured and that was the
voltage drop across the sample, Vir. From Vg =R the sample resistance, R, could
be calculated since the constant current, I, was known, The conductivity, o, of the
sample could be calculated from the sample geometry and resistance,
o=1/p=L/RA,

where A is the cross-sectional area of the sample and L is the length of the sample.

The photo-Hall measurements were very similar to the photoconductivity
measurements except that an additional quantity, the Hall voltage, was measured as
a function of time. The constant current is supplied through contacts marked I,! and
1,2, the Hall voltage is measured between contacts marked VP and VyT, and the
conductivity is measured between contacts marked VP and Vg in Fig.(2.7b). The
Hall contacts used were the pair that showed the least misalignment voltage (see
Chapter 3, §C). The misalignment voltage was measured using a constant current
with and without a magnetic field applied to the sample at room temperature. The
misalignmentvoltageis the voltage from the IR voltage drop between the misalignment
of a pair of Hall contacts. The misalignment voltage is given by

Viisal. = VHall B=Bo - VHall B=0-

The difference in Hall voltage with, Va1 =B, and without, V11 B=0, @ magnetic
field applied. The data collection program written for the photoconductivity data
was modified to read and store the voltage from two Fluke 8840A DVMs. The
conductivity was calculated as described above using the geometry of the sample

shown inFig.(2.7b). From the measured Hall voltage the Hall electron concentration,
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Ny, can be calculated from:

Ny = -IbBo/(Vhayet),

where B, is the magnetic field, t is the epilayer thickness, I, is the constant current,
and e is the magnitude of the electron charge (assuming the charge carriers are
electrons). The thickness used for the calculation of Ny was the Si doped epilayer
thickness which was 2jum (neglecting surface depletion of about 1504 <<20,000A).
The magnetic field used for calculating Ny was calculated from room temperature
measurement of Vi assuming that Nig = 1/2(# of Si donors) = 1/2(1.5x1017cm™3) =
7.5x101%m"3. This gaveavalue of B, =4.1kG which s consistent with that measured
at room temperature with the field of 440.5kG measured using a hand held gauss
meter probe held at the position of the sample. The absolute value of the Hall electron
concentration is not as important as the relative changes in Ny observed in response
to intense FIR. The absolute value of Ny reported here is probably accurate within
a factor of two of the actual electron concentration Ng=ryNyg where ry is the Hall
factor discussed below in Chapter 2, §J.

The FIR was attenuated using clear plexiglass and green colored plastic
sheets ( see [6.1a] Fig.(3.7)). The diameter of the attenuators was 4 inches which
easily covered the 2 inch diameter of the unfocused FIR. Varing degrees of
attenuation were achieved by changing the thickness of the attenuators. The set of
clear plexiglass attenuators were 0.025 to 0.200 of an inch thick with 0.025 of aninch
increments (8 attenuators in all). The 0.025 attenuator transmitted about 53% of the
incident radiation at 29.5cm™! and attenuated by larger amounts as the frequency of
theradiationincreased. Only one thickness (3mm) of the green plastic was available.

This thickness transmitted about 75% of the incident radiation at 29.5cm-!.
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§J The importance of measuring both Hall electron concentration

and mobility

Resistance changes imply that the electron concentration changes if the
mobility is constant. But in many cases the mobility changes so resistance changes
do not imply that the electron concentration is changing. In order to conclude that
the carrier concentration is changing, the electron concentration must be measured

directly with a Hall measurement.

Epilayer resistance

The resistance of an epilayer of an AlxGaj.xAs:Si of length L, width w, and

thickness t, is given by:

R = Lp/(wt) = L/(wtc) = L/(wtNsep),
where Njg is the 3 dimensional electron concentration (assuming the contribution
from the holes is very small), e the fundamental electronic charge, pu the mobility of
the electrons in the epilayer, and p the resistivity of the sample. If the mobility
remains constant throughout a measurement, the epilayer resistance will be a
measure of the electron concentration Ng.

The first measurements of the Ng for this thesis were done by monitoring
changes inresistance. Conversations with T. N. Theis made us aware of the fact that
the mobility of the electronsin AlxGaj.xAs epilayers could be acomplicated function
of carrier concentration Ng. For example, it could be a multivalued function of Ng.
If the resistance changes, it could be because of changes in the mobility and not

reflect the true changes in the carrier concentration. Conversations with A.
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Kastalsky during the same meeting made us aware of the possibility that the mobility

could change without the carrier concentration changing.

Mobility changes from population of an unintentional 2DEG

Large mobility changes can occur if the 2DEG at the substrate interface is
easily populated with electrons. An AlxGaj-xAs epilayer grown by Molecular Beam
Epitaxy (MBE) is grown on a GaAs semi-insulating (SI) or n*-GaAs substrate (see
Chapter 2, §B and §C, for a discussion of sample and sample growth details). Atthe
interface between the AlxGaj.xAs and GaAs is a band offset and electrons from the
epilayer can be transferred easily to the GaAs substrate (lower energy state) until
enough of epilayer is depleted to cause a sufficiently large amount of band bending
(a built in electric field) to prevent further transfer. If the epilayer is doped to the
GaAs s substrate, this charge transfer will happen and the sample will have electrons
at the GaAs interface (an unintentional two-dimensional electron gas (2DEG)
[2.16]). These electrons are removed form their donor Si atoms which are positively
charged and they have a higher mobility since the ionized impurity scattering is
reduced [2.17, 2.11]. So the resistance can go up and down if electrons are being
transferred back and forth between the epilayer and the GaAs substrate. In this case,
changes in resistance are arising from changes in the mobility and the assumption
that this means the carrier concentration is changing is wrong.

Since the electron mobility in AlxGaj.xAs epilayers for x near 0.3 as a
function of temperature is known [2.18, 2.16, 2.19] and is much smaller than that in
AlyGaj.xAs/GaAs 2DEGs, the value of the Hall mobility, [y, is a good indication
of whether or not a 2DEG is populated. If it is populated puy will be an order of
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magnitude higher than the AlxGaj-xAs epilayer value. So the precise details of the

theory of the two-layer Hall technique (deducing Hall concentration and mobility of
eachlayer of atwo layered system [2.20,2.21]) do not need to be known to determine
whether or not a 2DEG is populated. Knowing that the Hall mobility is sort of an
average of the different mobilities in the two layers is sufficient in this case.

In the first epilayer studied, this unintentional 2DEG was present and we
were wrongly concluding that the carrier concentration was changing. After
speaking with Kastalsky, we started studying epilayers with a buffer layer between
the doped AlxGaj-xAs and the GaAs substrate 5o as to prevent the forming of this
unintentional 2DEG. Shown in Fig.(2.14) is the band bending that occurs when a
bufferlayeris grown that prevents electron transfer to the GaAs substrate. N. Chand
et al. [2.19] argue that a 2,000A buffer layer thickness is sufficient to prevent the
2DEG from forming. We studied Al0 3Gao 7As:Si epilayers with a 10,0004 (1pm)
buffer layer (see Fig.(2.4)). ‘ ‘

Other causes of mobility changes

Electron mobility can also change if different conduction band valleys are
occupied i.e. transferring electrons from the I" band to the X band or L band (sce
Chapter 1, §B for a discussion of the GaAs band structure.). Mobility can change
with the lattice temperature. If some sort of lattice heating were taking place, the
resistance change observed could be from mobility changes (Ns also depends on
lattice temperature). So once again, in these situations, changes in resistance do not

reflect changes in carrier concentration only.
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Fig.(2.14) Schematic representation of the conduction band minima near
the AL Ga, ,As/GaAs interface for (a) the case without a bufferlayer and (b)
the case withanundoped Al,Ga, ,Asbufferlayerbetween the doped ALGa,.
LAs and the GaAs substrate. With the undoped Al Ga, As buffer layer
present, the bottom of the 2DEG in the GaAs substrate lies above the Fermi
level and the 2DEG is not populated [2.16].

The Hall electron concentration

The Hall electron concentration, Ny, (the electron concentration measured
by the Hall effect) is determined from the Hall voltage, Vy, that develops across the
sample as a current, I, is maintained through the epilayer that has its face (plane of
the epilayer) perpendicular to a magnetic field B, as shown in Fig.(2.15). The Hall
voltage is given by:

Vi = -IoBora/(NHet) = RHIoBo/t, with Ry = -tH/(Nye);

where ry is the Hall factor and Ry the Hall constant [2.22]. There are theoretical

expressions for the Hall factor which depends on which scattering mechanism is
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Fig.(2.15) The orientation of the magnetic field with respect to the sample
and contacts for the Hall effect measurement [2.22].

dominant i.e. rg = +3/2 for ionized impurity scattering and r = -1/2 for acoustic
deformation potential scattering, but can be taken as an order of magnitude of 1
[2.23]. In this thesis, Ny will be discussed most of the time with the understanding
that Ng=Np/ryg with r= 1 where Nis the actual electron concentration. For absolute
measurements of the electron concentration, the value for ryisimportant, Forrelative
changes in electron concentration at a constant temperature its exact value is not

tmportant.

Errors involved in measuring the Hall concentration

Errors in the absolute carrier concentration can be made if the effect of
surface and interface depletion are not considered [2.32]. Carrier concentrations in
epilayers studyed for this thesis (1010to 1017 cm-3) have surface andinterface depletion
lengths are of the order of 100A and epilayer thickness of 21um (20,0004 ) sodepletion
effects are small.

Since scattering mechanism which is dominant depends on temperature, rg

will be dependent upon temperature. When comparing relative changes in Ny at
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different temperatures it is important to take the different values of ry into account.

Temperature dependent Hall electron concentration is an important part of this thesis
since Eq for the DX center is determined from this type of measurement.

As with any semiconductor system there are always impurities that act as
acceptors (compensated semiconductors). In some cases if compensation is not
taken into account, large errors can result in analysis of the Hall data. It is not
uncommon for authors to not indicate whether or not their samples are compensated
and this can lead to an error of a factor of 2 in their analysis for Eq (See [1.38] page

R7.).

The Hall mobility
Hall mobility of the electrons in an AlxGaj.xAs epilayer is given by
HH = OolRH! = rHO0/Nge,
so if the electron concentration, NH, of the epilayer is measured along with the D.C.
conductivity, Gg, the Hall mobility, py, can be calculated with the above equation.
The conductivity can be determined from the geometry of the sample by the relation
Go = 1/p =L/RA =L/Rwt,
where R is the resistance, A is the cross-sectional area, L is the length, w is the width,
and t is the thickness of the epilayer. With a Hall and resistance measurement, both
the electron concentration and mobility of the epilayer can be determined. This
enables one to unravel the coupled effects of electron concentration and mobility

changes.
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The drift mobility

The drift mobility, pg, is given by
Ve = HgE,
where v is the velocity the electron gains from the application of an electric field E.

]

The drift mobility is related to the Hall mobility by

My = OolRyl = ryoy/Nye = (ry/Nye)Nyhy = ryghy
where ryj is the Hall factor. So the Hall mobility differs from the drift mobility by
the Hall factor.

Some models for the mobility

The most commonly discussed model for electron mobility in AlxGaj.xAs
epilayers at cold temperatures is ionized impurity scattering process. This gives p.d
= (T)3/2 with a week but complicated dependence on carrier concentration. Ionized
impurity scattering is sometimes referred to as the Brooks-Herring model [2.24]
describing how the mobility depends on temperature and carrier concentration
within the temperature range of 30K to 80K. The main physical idea of the model
is that the donoratom gets screened by the surrounding electron gas. Anapproximate
finite analytic result can be obtained by considering a screened coulomb potential in
the quantum mechanical calculation of the scattering cross-section which give the
results described above about the temperature and carrier concentration dependence
of the mobility [2.24].

Detailed models of standard scattering processes have been developed over
the years and inmany instances a good agreement between theoretical and experimental

mobility has been achieved [2.25, 2.26, 2.27]. An unresolved issue involves the



95
contribution of charged defect scattering to the electron mobility [2.28]. A related

question involves the predicted mobility dependence of the different possible charge
states of the DX center. The DX© and DX states give different predictions for the
dependence of electron mobility in GaAs under pressure. Measuring the pressure
dependence of mobility in such systems should reveal the charge state of the ground
state of the DX center. A definite conclusion is not clear at this date but the data

seems to be favoring a DX- ground state [2.29, 2.30, 2.31].

Conduction band electron concentration

The number of electrons in the conduction band is measured by a temperature

dependent Hall effect and can be thought of in terms of the following relation
NH=N*p-N-a-Nbpr,

where N*pis the number of ionized donors (Si atoms for the epilayers studyed in this

thesis with Np=1.5x1017cm"3), N- 4 is the number of acceptors taking electrons from

the conduction band (Nao=10!5 ¢cm-3 mainly from carbon impurities in MBE grown

samples), and N-ptis the number of electrons trapped from the conduction band by

deep levels.

All three terms on the right hand side of the above equation are temperature
dependent. The first two terms, N*p - N4, give rise to what is called compensation
in semiconductors. That is, the number of electrons provided by the donor atoms is
reduced by the presence of acceptor atoms (intentionally or unintentionally doped)
since for typical electron concentrations the Fermi level is well above the acceptor
level. The acceptors are usually from back ground impurities (the unintentionally

doped case) as in MBE grown samples. The term N pt is strongly temperature
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dependent. This term is believed to be related to N*p by the notion of the bistability

of donors mentioned in the discussion of persistent photoconductivity (PPC)
(Chapter 1, §F). For temperature dependent Hall measurements of Ny below 100K,
N-pt can be regarded as constant while the sample remains in the dark. For Hall
measurements above 150K, the capture and emission barriers are ineffective and all
deep states (including DX related states) participate in the electron concentration
(see Fig(1.9) of Chapter 1, §F). Sointerpretations of the temperature dependent Hall
data in terms of physical quantities such as the concentration of donor atoms,
impurity atoms, and déep electron traps is difficult and is an on going area of

research.

DX center ground state

The ground state of the DX center can in principle be determined by
temperature dependent Hall data but the donor and acceptor concentrations need to
be determined from other experiments. To date, temperature dependent Hall
measurements have been inconclusive as to the ground state of the DX center
primarily because of the large number of impurities that participate in compensation

of the sample [1.35, 1.40].
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Chapter 3

Hall Electron Transport Data for an
Alp.3Gagp.7As:Si Epilayer

§A Introduction

Inthischapter, all the electron transport data for the Alp.3Gag 7As:Si epilayer
are presented. The most important data are that of the effect of intense FIR on the
electron transport properties of the epilayer. Before the FIR effect is discussed, the
well established temperature and IR LED flash effects on the transport properties are
presented so as to provide a framework to think about the FIR effect data. The
chapter ends with a discussion of the power and frequency dependence of the intense
FIR effect on electron transport properties of the epilayer.

Only the data are presented in this chapter. In Chapter 4, a discussion is

presented that relates the observed FIR effect to the DX center.
§B Temperature dependent Hall electron concentration

The temperature dependent Hall concentration, Ny(T), in AlxGaj.xAs

epilayers has been extensively studied so a measurement of NH(T) can be compared
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Fig(3.1) Persistent photoconductivity (PPC) inan Al,, ;Ga,,As:Si, 2um thick,

epilayer. The PPC is apparent by the large difference in the carrier

concentration, Ny, between the dark cooled sample and when the sample is

illuminated cold. The persistent effect is observed fortemperatures as high

as 140K. The magnitude of the effect starts to sharply drop at about 100K.

The sample was cooled and warmed at a rate of about 2K/min,
with the published data to serve as a test of the measurement apparatus. A
measurement of Ny(T) for the Alg3Gag 7As:Si epilayer studied in this thesis is
shown in Fig.(3.1). These data look almost identical to Fig.(1.9) of Chapter 1, §F
which are taken from Theis et al. [1.36]. This strongly supports the fact that the
temperature dependent Hall measurement done with the apparatus described in
Chapter 2, §I accurately measures relative changes in electron carrier concentration
in an Alp3Gag 7As:Si epilayer. See Chapter 2 §I and §H for a discussion of the

measurement of the absolute carrier concentration.

The data, Ny(T), are interpreted within the model of the bistability of Si



103
donors in AlxGaj-xAs:Si epilayers by Theis et al. [1.36] as discussed in Chapter 1,

§F. The data obtained while cooling the sample in the dark show the effect of freeze
out of free electrons to DX centers around 150K (1000/T = 6.5). The PPC effect is
seen after illuminating the sample with an AlGaAs IR LED and continues to persist
up to the temperature of 150K when the DX centers begin to equilibrate with the
conduction band electrons within the time scale of the measurement (2K/min.). The
signature of thisequilibrating is the change in slope at 1 50K of the curve corresponding
to warming the sample after illuminating at 12K shown in Fig.(3.1).

There are two regions of differing slope corresponding to the points before
1000/T = 6.5 and between the points 1000/T = 6.5 and 1000/T =7.75 of the warming
from 12K curve in Fig.(3.1). These two different temperature regions are believed
to be a signature of two of the four alloy perturbed DX levels [1.48]. The high and
low temperature region of the dark cooling data curve give the thermal ionization
energy, Eq, for the DX center and shallow substitutional donor energy, Ejs,
respectively. The glitch seen in the dark cooling data curve at 1000/T is not
reproducible. It does not correspond to changing the constant current through the
Hall bar as was described in Chapter 2, §C Fig.(2.10). The Eq from a fit to the high
temperature data of Fig.(3.1) is 40.9meV. Theis et al. [1.36] finds Eg = 73meV for
the DX center and E15 = 14meV for the shallow donor. Theis et al. [1.36] is very
vague about how the above fits to find E4 and E15 were done. Dmochowski et al.
[1.41] is a much better reference for a discussion of how the Ny(T) versus 1000/T
is fitted to find Eq and Eqs.

How accurately the measured Hall electron concentration, Ny, represents the
actual electron concentration, Ng, depends on how well the Hall factor, ry, is known.

Recall from Chapter 2 §J that the actual electron concentration Ng(T) is related to the
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Hall electron concentration Ny(T) by the Hall factor ry and the relation is Ng(T) =

Nu(T)/rq. The Hall factor also depends on temperature since it depends on the
dominant scattering mechanism [2.21]. The measured Hall factor reported in
Ref.(2.21) for an Al1GaAs/GaAs heterostructure (2DEG) was between 1 and 3/2 for
temperatures between 77K and 400K. This means that the measured values for

Ny(T) are within a factor of 2 of the actual electron concentration Ng(T).
§C Temperature dependent Hall mobility

The Temperature dependent Hall mobility of AlyGaj.xAs epilayers is also
well known and a measure of it can serve as a crude diagnostic of where the electrons
are and which scattering mechanism is dominant. If the D.C. conductivity, G, of the
sample is measured along with the Hall concentration, Nj, the Hall mobility, pg, can
be calculated from the equation

HH = IRhI0s = 6o/NHe.

Polaroptical phonon scattering is the dominant scattering mechanismat high
temperatures. As these optical phonons get frozen out, ionized impurity scattering
becomes the dominant mechanism. From the Brooks-Herring model, Chapter 2 §J,
the mobility has a T3/2 temperature dependence.

The temperature dependent mobility of an Alp3Gag7As epilayer is shown
in Fig.(3.2). The mobility measured while warming the sample after illumination
cold is seen to have a T3/2 dependence below 100K. The range of temperature,
around 60K, in which the dark-cool mobility follows T3/2, is smaller because of the

setin of carrier freeze out. Such small ranges of T3/2dependence near this temperature
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are commonly seen in systems with ionized impurity scattering [3.1]. For high
temperatures where polar optical phonon scattering is dominant, the mobility has a
roughly constant dependence on temperature. Also characteristic of AlyGajxAs
epilayers is the rapid drop in mobility at low temperature which is a signature of large
carrier freeze out.

Atlow temperatures jLly = 100cm?/Vs which is indicative of the fact that the
2DEG of the Alp 3Gag 7As/GaAs substrate interface is not populated [Chapter 2, §J
Ref.(2.16)]. If mobilities are on the orderof 10,000cm?2/Vsin an Al,Gaj.xAsepilayer,
then this is probably a signature of the population of the 2DEG at the epilayer
interface. Mobility on the order of 1000cm?/Vs at cold temperatures is the intermediate

regime where it is difficult to be sure that the 2DEG at the substrate interface is not
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populated. References 2.16 and 2.19 of Chapter 2, §J present two slightly different

arguments of where the electrons are when the mobility is in this intermediate
regime. Most likely with py = 1000cm?2/Vs most of the electrons are in the epilayer
and only a small fraction in the 2DEG at the interface. See Fig(2.3b) and Fig(2.4b)
for a qualitative picture of an occupied and unoccupied substrate interface 2DEG
respectively.

Fortemperatures below 40K, the Hall voltage, VHaiy, starts to have significant
contributions from the IR voltage drop resulting from the misalignment of the
contacts along the Hall bar used to measure VHa). Below 40K, Vyaj) o< VIR and is
dominated by the IR drop from the misalignment of the contacts for the particular
sample studied in this thesis. As more electrons are frozen out at cold temperatures,
the electron mobility decreases hence increasing the resistance contributing to the
misalignment voltage drop given by V'[R=IoRmisalgn. Then V Hay, which is given
by

V'Hall = VHall + VIR = -mloB/(Nget) + V'IR
(See Chapter 2 §J for an explanation of the expression for Vyap) is eventually
dominated by V'[R to the extent that
V'Hall = V’IR o< Rmisalgn-

Forall the measurements made on the Alg 3Gag 7As:Si epilayer studied in this thesis,
when VHa) = V'R then Va1 > 0. The Hall voltage was typically seen to go positive
below 35K when the sample was cooled in the dark. So the dark cooled low
temperature (T < 40K) Hall electron concentration and mobility are not accurate
measures of the electron concentration and mobility.

Once the sample is illuminated after cooling in the dark to low temperature
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(10K to 30K), then there are again enough electrons in the conduction band and

mobility high enough so the misalignment voltage is only a few percent of the
measured Hall voltage, VHal. The lowest Hall electron concentration measured
after illuminating the sample cold (with intense FIR or small IR LED flashes) has
been on the order of 1014 cm-3 with mobilities on the order of 1000cm?2/Vs.

It is seen from Fig.(3.2) that the mobility tracks the T3/2 temperature
dependence more closely and for a larger temperature range after warming from
illumination cold then the mobility corresponding to cooling in the dark. The dark-
cool mobility data do not follow as well because of carrier freeze out. The change
in slope seen in the region around 75K is a result of slightly non-chmic contacts used
to measure the Hall voltage. An I-V curve for the contacts, VHB and V4T shown in
Fig.(2.7b), that were used to measure the Hall voltage is shown in Fig.(2.9a). At the
temperature of about 80K where the dark-cool mobility rises above the mobility
measured while warming the sample is a result of decreasing the constant current
being applied through the Hall bar from SpA to 14A. This was done to keep the
current source fromoperating near the limits of its compliance range. The reason this
happened was because of the Schottky nature of current contacts, Io! and I2 shown
in Fig.(2.7b), at the end of the Hall bar which leads to very large voltage drop over

the bar. The I-V curve for the current contacts, Io! and 1,2, is shown in Fig.(2.8a).
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§D IR LED flash effect on Hall electron concentration and epilayer

resistance

Low temperature regime (T<50K)

The effect of cooling the sample in the dark is to have most all of the electrons
trapped by DX centers. This carrier freeze out maybe reversed by either warming
up the sample to temperature above 150K or illuminating the sample with photons
of energy greater than 0.8eV. The LED used for the measurements was an A1GaAs
IR light emitting diode (TRW OP290 and OP295) having spectral emissions of 875
+20nm (photon energies of 1.42+0.03 eV) [3-2]. These IR LEDs produce light well
above the optical ionization threshold observed for DX centers. Hence, these IR
LEDs maybe used to ionize electrons trapped by DX centers at low temperatures.
The IR LEDs perform very well at cryogenic temperatures. Red light LEDs could
also be used but seem to fail more often at cryogenic temperatures. Another nice
feature of the AlGaAs IR LEDs is that light from them can penetrate the GaAs semi-
insulating substrates that quantum wells and epilayers are grown on whereas light
from red LEDs is absorbed strongly by the GaAs substrates.

The effect of ionizing electrons from DX centers using an IR LED is shown
in Fig.(3.3). Ionizing electrons from the DX center increases the Hall electron
concentration, Fig.(3.3b), and decreases the epilayer resistance, Fig.(3.3c), after the
IR LED flash. Note that while the IR LED is on (from 19 to 25 seconds into the data
file) the values of the Hall electron concentration, N, and epilayerresistance, R, are
complicated by photovoltages most likely resulting from the AuGe/Ni/Au contacts

to the Hall bar mesa.
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Fig.(3.3) The response of (a) temperature, (b) Hall electron concentration,
and (c) epilayer resistance of an Al, ,Ga, ,As:Si epilayerto an IR LED flash
at a temperature of 11K.

Sample heating by the IR LED

Another interesting effect is that the LED flash heated up the sample and
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copper sample holder by 0.2K. This heating effect and subsequent cooling from the

cold finger reservoir shows up as drifts in Ny and R after the LED is turned off. The
drift in these quantities from the heat pulse stabilizes about 10 seconds after the IR
LED flash. The heat pulse seems to come from the Joule heating resulting from
putting 300mA through the LED for 5 seconds. The IR LED is in physical contact
with the copper sample holder block. The amount of heat transferred to the sample
holder can be estimated by
AQ =ATmC,

where AQ is the amount of heat absorbed by the copper sample holder, AT is the
change in the temperature of the sample holder, m is the mass of the sample holder,
and Cj1k = 0.0727 J/degmol [3.3] is the heat capacity of copper at 11K. The mass
of the copper sample holder is about 90 grams (1.4 moles of copper). The temperature
change, AT =0.2K, is inferred from Fig.(3.3a). Substituting these numbers into the
expression for AQ we get AQ = 0.02 Joules. Putting a current, I, of 300mA though
the LED for 5 seconds and assuming the LED turns on at 4V and is biased at 5V
implies that the voltage drop across the LED contributing to Joule heating is about
1V. This gives (IoV)x(time) = 1.5 Joules of heat given off to the LED surroundings.
So it is quite reasonable that the sample holder absorbed some of this heat and this
was the effect observed in Fig(3.3a). The effect of Joule heating by the IR LED is
hardly measurable at 25K. This is because the heat capacity of copper at 25K is more

than an order of magnitude higher than itis a 11K ( C25K = 0.937 J/degmol [3.3]).

Intermediate temperature regime (T>100K)

The effect of IR LED flashes at intermediate temperatures (100K to 300K)
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curve fit is T = 6.468sec.

no longer lead to persistent changes in Ny and R but lead to changes with relaxation

times that are temperature dependent. Shown in Fig.(3.4) is the effect of an IRLED
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to its corresponding temperature.,

flash on the epilayer resistance at a temperature of 160K. The most important point
to note about the IR LED flash at an intermediate temperature is that it induces
changes that have non-exponential relaxation rates. The relaxation rates are well
fitted by a stretched exponential. Stretched exponentials have the following
functional form
Aexp(-(U0)B),

where the prefactor A and 3 are constants and T is the time constant extracted from
the fit. Non-exponential relaxations are not uncommon in semiconductor systems.
Queisser [3.4] discusses a variety of functional forms for the non-exponential

relaxation where as Jiang and Lin [3.5] use the more common stretched exponential

form given above tofitrelaxationsin the resistance of an Alp, 3Gag 7As epilayerinduced
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by 436 to 546 nm radiation from a mercury lamp.

A comparison of relaxations of the epilayer resistance after an IR LED flash
for temperatures from 160K to 190K is shown in Fig.(3.5). It is seen that the time
constants decrease as the temperature is raised. The B's in the exponent for the
stretched exponential exp( -(t/1)B) also decrease with increasing temperature. There
does not seem to be any physical interpretation for B in AlyGaj.xAs semiconductor
systems. Queisser [3.4] gives a more physical basis for other functional forms for
the relaxation where as Palmer et al. [3.6] present a physical model for the stretched
exponential relaxation in glassy systems. The time constant, T, that is extracted from
the stretched exponential is used only as a parameter to characterize a resistance

relaxation at a given temperature.



114
The temperature dependent time constants for the epilayer resistance

relaxations implies that the electrons are thermalizing over a barrier. The functional
form for the time for the electron to thermalize over a barrier of height Eg is given
by
T o< exp( E¢/kT).

This barrier, Eg, is the thermal capture barrier of the DX center. See Chapter 4, §B
for a discussion of the capture barrier, Ec. By measuring the time constant, T, at a
variety of temperatures and plotting log(1/t) versus 1000/T, the slope of the line
fitted to this plot multiplied by Boltzmann’s constant, k = 86.2x10-3meV/K, gives
the barrier height, Ec, in the units of meV. Such a plot is called an Arrhenius plot.
Shown in Fig.(3.6) is an Arrhenius plot of the resistance relaxation T’s for the
Alp.3Gag.7As:Si epilayer. The barrier height deduced from Fig.(3.6)is 191.3+13.4
meV. Similar measurements of AlxGaj.xAs epilayers have been presented in the
literature and have reported E¢'s as follows: 160meV [3.5], 180meV [1.28], and
260meV [3.7]. Lang and Logan [3.7] interpret E¢ to be the thermal capture barrier
of the DX center. The barrier height measured here agrees with previous published
results and serves as a test of the measurement and curve fitting procedure (see
Chapter 4, §B for further discussion i.e. dependence of thermal capture barrier on Al

mole fraction and electron concentration.).

§E The effect of intense FIR on NH, R, and pH at 10K to 200K

Low temperature regime (T<50K), dark cooled with no IR LED flashes

Dark-cooling prepares the Alg 3Gag 7As:Si epilayer in a state where almost
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Fig(3.7) Theeffectof intense FIR onan Al, ,Ga, ;As:Si epilayerdark cooled
to 25K. The FIR is seen to cause persistent changes in (a) The Hall electron
concentration, (b) epilayerresistance, and (c) the Hall mobility. The TEA
laser was operated at 29.5cm! with a total pulse energy of 4 to 6mJ in
50nsec.

all of the electrons are trapped in DX centers. Illuminating a dark-cooled sample

with intense FIR ionizes electrons trapped at some centers, possibly DX centers, as
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shown in Fig.(3.7a). Initially the Hall electron concentration, Ny, is unmeasurably

small. The first pulse of FIR to the dark-cooled sample is around 20 seconds into the
data file shown in Fig.(3.7). The signature of an FIR pulse is to produce persistent
changes in the Hall electron concentration, Ny, epilayer resistance, R, and Hall
mobility, HH.

Typically the TEA laseris being blocked from the sample with an aluminum
shutter. To expose the sample to FIR, the shutter is opened until the TEA laser is
triggered and then it is quickly closed before another laser trigger. A period of 5
seconds between triggering of the TEA laser is plenty of time to safely open and close
the shutter before the laser is triggered again.

Ascan be seenin Fig.(3.7), the typical time between FIR exposures is around
50 seconds. This is usually enough time to allow transients to die out. Transients
from photovoltages are typically on the order of 1 second. Note the drifts in Ny and
pH for times before 400 seconds into the data file in Figs.(3.7a and 3.7c¢). These drifts
are not understood and may be due to the extremely low carrier concentration (=1013
to =1014 cm-3) achieved when exposing a dark cooled sample to intense FIR. There
is some question of how reliable these Hall measurements are at such low carrier
concentrations (2 to 3 orders of magnitude below room temperature concentrations
of 7.5x1016 cm-3). These observed Hall electron concentrations are on the order of
the background impurity level of 1014cm-3 in GaAs/AlGaAs MBE grown epilayers
(See Chapter 2, §A for a discussion of background impurities in MBE grown
samples.).

The resistance measurements of a dark cooled sample shown in Fig.(3.7b)

(i.e. VIr = IoR with I, the constant current through the Hall bar and ViRr the voltage
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drop between two adjacent Hall tabs and R the epilayer resistance) seem to be more

reliable than the measurements of Hall electron concentration shown in Fig.(3.7a).
Typically the resistance is on the order of 1MQQ for the dark cooled Alg.3Gag.7As:Si
epilayer. Illuminating the sample with intense FIR steadily decreases the resistance
to around 50 to 100K(2 after about 10 to 20 pulses of FIR. The variation in the size
of the persistent changes is most likely a reflection of the large fluctuations of pulse
to pulse power in the TEA laser. Another factor in the variation of peak power is the
variation of the fine time structure within a given TEA laser pulse (see Chapter 2, §E
for a discussion of the fluctuations in TEA laser power.). Within the resistance data
set, Fig.(3.7b), there are three cases (at times around 270sec, 370sec, and 860sec into
the data file) where the resistance does not decrease after an FIR pulse but increases.
In all three cases, these increases are small with respect to the decreases. Note that
this is not the case with the persistent changes in Ny and py. For Ny and py, the
persistent increases can be as large as the persistent decreases.

At times the mobility is much larger than 1000cm?2/Vs. Whereas at other
times the mobility is less than or equal to 1000cm?/Vs. When puy >> 1000cm?2/Vs,
this would seem to indicate that the small population of electrons in the 2DEG at the
AlGaAs/GaAs substrate interface is significant. For the time between 100sec and
180sec, py is around 3x10%cm?/Vs and Ny is around 2x1012cm-3. This is a very
small concentration of electrons; most of which are probably populating the 2DEG
at the substrate interface. For times greater than about 630sec into the data file, the
mobility is about 5x10#cm?/Vs and Ny < 6x1013cm-3. It would seem that again
there is a significant fraction of the free electron concentration in the substrate

interface 2DEG. When iy < 103cm?2/Vs, then Ny is greater than or equal to 1014cm-
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3, This would seem to indicate that the free electron concentration at the substrate

interface 2DEGisnolongera significant enough percentage to produce unreasonably
large mobilities for the Alg3Gag 7As:Si epilayer. With py = 1000cm?/Vs, this is
somewhat large for an AlGaAs:Si epilayer at low temperatures implying that there
is still a small percentage of free electron concentration at the substrate interface

2DEG.

Low temperature regime (T<50K) with IR LED flashes

An IR LED flash of about 5 seconds with a current of about 300mA through
the LED after dark cooling the sample usually prepares the sample with Ny =
1016cm-3, R = 50KQ, and py = 300cm?/Vs as shown in Fig.(3.8) (for times before
80sec into the data file). The first 5 to 10 FIR pulses steadily decrease Ny from
1x1016 t0 2x1015cm-3, steadily increase R from SOKQ to 100K, and do not change
ug much from its original value of 300cm?2/Vs. The initial effect of the FIR is the
opposite of that of an IR LED flash. Thatis, the intense FIR induces electron capture
to DX centers after an IR LED flash has ionized electrons from DX centers.

The effect of FIR pulses asymptotically (i.e. when the sample has been
exposed to many FIR pulses) after an IR LED flash is more complicated. In
Fig.(3.8b), the resistance changes very little fromits value around 100K Q. The Hall
mobility, Fig.(3.8c), varies around the value of 400cm2/Vs and the Hall electron
concentration, Fig.(3.8a), varies around 2x1015cm-3. Note that Ny and ptig can have
persistent changes that either increase or decrease in the asymptotic region. So
initially the effect of the FIR, after the IR LED flash, is to induce electron capture to

DX centers and asymptotically induce capture to and emission from some electron
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Fig(3.8) The effect of intense FIR on an Al,;Ga,,As:Si epilayer after an
IR LED flash. Previous to the IR LED flash, the sample had been exposed
to intense FIR as in Fig.(3.7). The Hall concentration is shown in (a), the
epilayer resistance in (b), and the Hall mobility in (c). The TEA laser was
operated at 29.5cm! with a total pulse energy of 2 to 4mJ in SOnsec. The
sample temperature was 11.0K
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trap which could possibly be the DX center. Qualitatively this is what is seen every

time this measurement is done just so long the carrier concentration is not too high,
thatis Ny<1017cm-3. Quantitatively the values at which Ny, R, and iy asymptotically
tend to are different for similar measurements done on different days.

This gets right to the difficultly of doing these photo-Hall measurements.
That is, preparing the sample with the same initial conditions before exposing it to
intense FIR. The parameters Ny, R, lLH, and temperature should be the same before
illuminating the sample with FIR. This alone does not seem to uniquely define the
state of the sample. To illustrate what is meant by this statement, the state of the
sample depends on whether or not the sample was prepared with a given Ny by either
exposing it to an IR LED flash or by illuminating it with successive intense FIR
pulses. The sample’s initial condition probably even depends upon how quickly the
sample was cooled and how the sample’s temperature was regulated. See Chapter
3, §G, Chapter 4, §D and Chapter 7 (Conclusions and Future Experiments) for more
discussion of this very important point.

As can be seen from Fig.(3.9), intense FIR can induce a variety of changes
in the quantities Ny, R, and pg. Two examples of FIR effects that cannot be
understood from the resistance and Hall electron concentration changes only are
shown in Fig.(3.9a,b,c). Here the changes in gy are significant enough to make
predictions from Re<1/Ny wrong. Knowing that R e 1/pyNy, then the observed
changes make sense.

An example of an FIR effect where the Hall electron concentration does not
change at all but there is a large change in the resistance is shown in Fig.(3.9d,e,f).

This dramatic example illustrates the importance of simultaneously measuring the
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Fig(3.9) (a), (b), and (c) are an examples of an FIR effects that induce an
increase and decrease in N,;, asmall increase and decrease in resistance, and
a decrease and increase in p, respectively. (d), (e), and (f) is an example
of anFIR effect thatinduces (a)nochange inN,,, alarge increase in resistance,
and a large decrease in u, respectively. The TEA laser was operated at
29.5cm! with a total pulse energy of 2 to 4mJ in 50nsec. The sample was
an Al0.3Ga0.7As:Si epilayer at a temperature of 11.0K

Hall electron concentration and the epilayer resistance. It would seem that the
electric field from the intense FIR has redistributed the electrons within the
Alp.3Gag 7As epilayer without changing the free electron concentration. It is

possible that electrons were transferred in real space from the substrate 2DEG to the



122

rPr T v rr v [ r Py r v rrrryrrrr v rrrrryrey
15 > -
44x10 |~ -~
@ _r -'
- Asoirae: ]
§ «f # “MW ;
=+ o 1 b o vy o
Z ,3@ 5%
S g ]
36 |- ;"Mm}ﬂw h
b1 l. I N N sl s 300 ]
(a) 0 100 200 300 400
8.0 ryJirrrrrrrrrrrrrrrrrrrrry LI B N N S | | |
S st :
g 75 | —
g 70 | 7
[Z] n o
@ s ]
65 f= -
Sl I 3
60 P I W M B U ST T A T B T T B B B B A pa by g3 Lol
(b) 0 100 200 300 400
400 rvrrryrrrrrrerrrrrrrrrry rTTr[vrovery T 51
~380 |- -
NZ ) T . n
=1 [ Yecionaitioee: J
S 340 1 b WO .
> 320 |- E -
g0t . ;
B r o]
=}
2 280 |- : -
260 - -
PRET T SN N N ST T ST S A T T N VY S T W A A A N U S B S AR AN B B A AN AN A
© 0 100 200 300 400

Time (sec)

Fig.(3.10) Shown here from 170 to 230 seconds into the data file is the
effect of FIR at 1/2Hz repetition rate on (a) the Hall electron concentration,
(b)epilayerresistance, and (c) the Hall mobility of an Al ,Ga, ,As:Si epilayer.
From 270 seconds into the data file, the sample was not exposed to any FIR
shots. The TEA laser was operated at 43.3cm™ with a total pulse energy of
17 to 18mJ in 50nsec. The sample temperature was 9.0K.
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Fig(3.11) The effect of FIR on an Al,;Ga,,As:Si epilayer when the Hall
electron concentration is very high (N,;=10"cm-3). The changes in (a) Hall
electron concentration (b) sample resistance, and (c) Hall mobility are quite
small. The two large spike like features at 28 and 39 seconds into the data
file are the effects of two IR LED flashes. The TEA laser was operated at
29.5cm™ with a total pulse encrgy of 7 to 8mJ in S0nsec. The sample
temperature was 25K.
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Alp.3Gag 7Asepilayereventhough the sample hasalarge undoped Aly 3Gag 7As buffer

layer between the doped Alg3Gag7As and the substrate interface as shown in
Fig.(2.4). See Chapter 5 fordiscussions of FIR induce hotelectron real space transfer
and Chapter 4, §D. |

Shown in Fig.(3.10), from 170 to 230 seconds into the data file, is the effect
of allowing the FIR to illuminate the sample with a repetition rate of 1/2Hz for 60
seconds. Itis seen in Fig.(3.10a) that Ny steadily increases and then, after the FIR
is blocked, relaxes back towards its value before the 1/2Hz repetition rate of FIR
pulses. In Fig.(3.10b), the resistance steadily increases and persists at its value
obtained after the last pulse of FIR. The mobility in Fig.(3.10c) is seen to steadily
decrease and then, after the FIR is blocked, relaxes back towards its value before the
repetition of FIR pulses. It would seem that the relaxation in Ny and py, after the
beam is blocked, are close enough to each other in value that the resistance, R, does
not change. The information drawn from these data is that if Ny is less than or equal
to 1016cm-3, then it would seem that the effect of continuous pulses of FIR is for Ny,
R, and py not to attain any asymptotic values but to steadily and slowly increase or
decrease depending on which quantity was being investigated. For most every
measurement done, the effect was to steadily increase the sample resistance. The
exception was when Ny > 1017cm-3 .

When the Hall electron concentration becomes very large, Ny > 1017 ¢m3,
and the sample temperature is less than 80K, the effect of intense FIR and IR LED
flashes becomes quite small. Sucha situation is shownin Fig.(3.11). With Ng> 1017
cm-3 the free electron concentration is larger than it is at room temperature. The

reason why the electron concentration can get so high is because of the effect of
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Fig(3.12) Van der Pauw Hall measurements of the free electron carrier
concentration as a function of reciprocal temperature in a sample of Si-
doped Al,sGa,,As. Successive curves from A through F correspond to
successively longer low-temperature illuminations of the sample (Ref.
3.4).

persistent photoconductivity, PPC, seenin Al,Gaj_xAs epilayers forx>0.22. Shown
in Fig.(3.12) is the effect of PPC for successively longer illumination of the sample
at low temperatures. It is seen from curve F in Fig.(3.12) that the electron
concentration can become larger than its value at room temperature if the sample is
exposed to enough radiation with photon energy greater than 0.8eV (i.e. IR LED
flashes for measurements made for this thesis). The FIR effect on Ny observed in
Fig.(3.11a) only induces an overall decrease in Ny. The changes induced from one
pulse of FIR is too small to be observed and only a drift in Ny can be detected as a
possible signature of an FIR effect on Ny. Whereaschangesin Ny shownin Fig.(3.10a)

from individual FIR pulses are still clearly resolved and above the noise level. The
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Fig(3.13) The effect of intense FIR at an intermediate temperature of
150.0K on (a) the Hall electron concentration, (b) the epilayer resistance,
and (c) the Hall electron mobility of an Al; ;Ga,,As:Si epilayer. The TEA
laser was operated at 29.5cm! with a total pulse energy of 2 to 4m)J.

Hall mobility data shown in Fig.(3.11c) are similar to the Ny data in the sense that

the effect from individual FIR pulses are difficult to resolve from the noise and only
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Fig(3.14) Stretched exponential curve fitto aFIR induced relaxationin the
epilayer resistance at 150.0K of an Al,;Ga, ,As:Si epilayer. The relaxation
is fitto a stretched exponential of the form: R(t) = Aexp(-(t/7)? ) + B where
1 is the parameter that is of interest in the curve fit.

an over all trend downward can be detected as a signature of an effect of illuminating

the sample with FIR.

Intermediate temperature regime (T>150K)

At intermediate temperatures, 150 to 300K, the effect of intense FIR
illumination is no longer persistent as shown in Fig.(3.13). Most of the changes in
Ny, Fig.(3.13a), and py, Fig.(3.13c), decrease with only a few thatincrease. All of
the observed changes in the epilayer resistance increase. So the majority of FIR
effects at intermediate temperatures is to induce capture of electrons by DX centers.
Note that the few increasing changes in Ny and py do not occur at the same times.

That is, LK goes positive at about 60sec and 315sec into the data file and Ny goes
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positive at about 615sec and 860sec into the data file.

The non-exponential relaxations can be fit to a stretched exponential of the
form: Aexp( -(t/t)B) + B, as shown in Fig.(3.14). In Fig.(3.14), tis a parameter of
the curve fit that is of interest in constructing an Arrhenius plot for the temperature
dependent relaxations. The constant, T, is used only to parameterize a relaxation at
a given temperature. The Arrhenius plot for the FIR induced relaxations will be
presented in Chapter 4 along with an interpretation of the barrier height deduced
from the plot. See Chapter 3, §D for references to the literature about non-

exponential relaxations in semiconductor systems [3.4,3.5,3.6].

Introduction to §F and §G

The next two sections discuss the effects of attenuation and frequency
(comparing two TEA laser lines: 29.5and 43.3cm 1) on changes in epilayerresistance,
AR. These are presented here only to get a qualitative feel for possible power and
frequency dependent effects. The measurements need to be improved further.
Chapter 7 discusses such improvements and future experiments.

The reason the resistance changes are studied instead of the Hall electron
concentration is that the resistance data are not as noisy as the Hall data so smaller
effectscan be observed. Thisis a very risky thing to do since it could be only changes
in mobility that are leading to the observed changes in the resistance. Since the
resistance changes are so small, perhaps the intense FIR is only transferring the
electrons back and forth between the substrate interface 2DEG and the Alg 3Gag 7As

epilayer. The reader should keep this in mind while reading the next two sections.
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The observed changesin Ny corresponding to the resistance changes will be discussed

qualitatively to try and support the claim that Ny is changing with R. However the

Hall concentration data are quite noisy and are therefore not convincing.

§F Power dependence of changes in epilayer resistance

Attenuation measurements are difficult to do at low temperatures (below
100K) because the largest persistent effects observed in Ny and R occur within the
first few FIR pulses immediately after an IR LED flash. Typically, the first FIR pulse
after an IR LED flash leads to the largest persistent change observed until the sample
is again illuminated with an IR LED flash. This behavior is shown in Fig.(3.8). The
largest change in resistance and Hall electron concentration are observed within the
first five FIR pulses (note the log scale for Ny and R). The measurements are further
complicated by the pulse to pulse fluctuations of the TEA laser’s power (see Chapter
2 §F).

A possible way to reproducibly prepare the sample in a unique initial state
would be to warm the sample up above 150K, slowly cool (2K/min.) the sample to
alow temperature say 20K, and illuminate the sample with an IR LED for a precisely
known time. This should prepare the sample in a known initial condition, i.e. one
that can be reproduced. The problem with this procedure is that it would take far too
long to do the measurement. For a good statistical measurement, it is necessary to
have 10 to 20 pulses at 4 or 5 different attenuations. This would equate into 50 to
100 warming and cooling of the sample; about 100 hours of work. Ideally thisis what

should be done for an attenuation measurement or any other measurement that
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requires the sample to be in a known reproducible initial state.

There are two alternatives that are not as time consuming but of aquestionable
nature. One possibility is that the measurement could be done at an intermediate
temperature where the FIR effects are no longer persistent but relax within a few
minutes. The other possibility is at low temperature after the large changes from the
intense FIR have taken place. Itis seen in Fig.(3.8) that after the first five or six FIR
pulses the changes are seen to be similar in size with Ny going up and down and R
steadily increasing by small amounts in response to the FIR. It was this particular
data file and two subsequent data files (no IR flashes in these two files) from which
the attenuation data presented in this section were taken.

The three groups of points shown in Fig.(3.15) correspond to three different
amounts of attenuation. The point corresponding to 1.0 unit on the incident power
axis represents full power so an attenuator was not used. The two following points
at fractional powers of 0.44 and 0.19 were taken with two plastic attenuators of
different thickness, 25 and 50 thousands of an inch respectively (calibrated at
29.5cmr1). The attenuators are circular with a four inch diameter which easily cover
the one to two inch diameter unfocused FIR beam when carefully centered on the
optic axis of the FIR beam. The attenuators were placed a few inches in front of the
mirror used to focus the FIR onto the sample.

The peak power of a laser pulse is unknown because of the TEA lasers
complicated time structure (see Chapter 2, §F). The fine time structure within a pulse
is known to be as short as 5 to 10 nsec if not shorter with the pulse itself as long as
50to 100 nsec. The total pulse energy for the attenuation data presented in Fig.(3.15)
was 7mJ averaged over 10 pulses with pulse to pulse total energy ranging from 5 to

8mlJ.
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Fig(3.15) The power dependence of intense FIR on the change of
resistance, AR, of an Al, ,Ga,,As:Si epilayer. The sample temperature was
11.0K and the TEA laser was operated at 29.5cm™ with a total pulse energy
of 7mJ. A linear plot is shown in (a) and a log-log plot is shown in (b).

The points in Fig.(3.15) are the average of 20 to 25 laser pulses at the given

attenuation. The large error bars in the data are believed to be in part caused by the
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large pulse to pulse fluctuations of the TEA laser power.

Even with such large scatter in the data, it is clear that the power dependence
is nonlinear. By examining Fig.(3.15b), it is seen that there is not a power law
dependence to the attenuation data. The data even seem to suggest some sort of
threshold in the power dependence. This suggests doing an FEL measurement to try
and find the threshold if it indeed exists.

Measurements were done with the FEL on an Alg3Gag7As:Si (Si
concentration 1.5x1017cm-3) epilayer sample that was fabricated for only two point
resistance measuremeﬁts. The sample was not grown with a buffer layer of undoped
Alp3Gag,7As so it had a large population of electrons at the substrate interface
2DEG. So it was effectively a 2DEG with very poor mobility (104 cm?/Vs).
Nonetheless, the measurements were done and its epilayer resistance changes
showed a linear dependence on power. This linear dependence on power was
observed for both the large changes immediately after an IR LED flash and the
subsequent smaller changes after a few FIR pulses following the IR LED flash. It
would be nice to be able to match up the power dependence of the FEL data and the
TEA laser data but this has proven to be impossible so far.

As an aside, attenuation measurements on a 2DEG (intentional) resistance
changes have been done with the TEA laser and the data were very nonlinear. The
presence of a lower power linear dependence was not clear. Soonce again, matching
up this data with the FEL data discussed above is difficult. These facts will be
discussed at much greaterlength in Chapter 5 which discusses the measurements that
have been done with the TEA laser on quantum wells (both a 2DEG and a wide
(1000A) half-parabolic well).
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§G Frequency dependence of changes in epilayer resistance

Frequency dependence measurements are difficult for the same reasons
attenuation measurements are because of the importance of preparing the sample in
the same initial state prior to each FIR pulse. Once again the data presented in this
section are meant only as a motivation of a possible frequency dependence of the
changes in AlyGaj.xAs epilayer resistance. No firm conclusions should be drawn
from the data. Itisincluded here only to motivate more careful future measurements
of the frequency dependence of the persistent changes seen in Nj, R, and py under
the influence of intense FIR at low temperatures. A detailed discussion of such
experiments will be presented in Chapter 7.

Only epilayer resistance changes were tabulated for the different frequencies
presented here since the corresponding Hall electron concentration were very close
to the noise level. This case is illustrated in Fig.(3.11). By examining Fig.(3.11), it
can be seen that the resistance steadily increases by small amounts with an overall
downward trend in the Hall electron concentration. Notice that even the IR LED
flashes early on in the data file have a very small effect on the Hall electron
concentration. The resistance changes are not large but are clearly measurable. The
Hall electron concentration changes seemto be overwhelmed by the noise. This has
been the general behavior observed when Ny rises above around 7.5x1016cm-3(the
value of Ny at room temperature). Only after many intense FIR pulses can any
noticeable change be observed. But could still only be the result of a temperature
drift since the Ny changes are so small.

The measurements presented in Fig.(3.16) and Fig.(3.17) were done using
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two different TEA laser lines. One line was 29.5c¢cm"!, Fig.(3.16), with total pulse

energy averaged over 10 pulses of 8mJ with pulse to pulse total energy ranging from
6 to 9mJ. The other line was 43.3cm-1 with an average total pulse energy of 15mJ
with pulse to pulse total energy ranging from 12 to 17mlJ.

For a given line, the sample was at a temperature of 12K and flashed with an
IR LED then exposed to 10 to 20 FIR pulses at a rate of one pulse every 10 to 20
seconds. This makes up the data within one computer file as shown in Fig.(3.11).
After the completion of the measurement at the given line, the TEA laser was
adjusted to the other line and a new computer data file was started with the sample
relaxing from the FIR irradiation from the previous file. Always when a new file was
begun, the sample was exposed to an IR LED flash and then irradiated with 10to 20
pulses of FIR at a rate of one pulse every 20 to 30 seconds. The data compiled for
Fig.(3.16) are made up of two data files and the data compiled for Fig.(3.17) are
comprised of 3 data files. The two files for Fig.(3.16) were taken sequentially. Two
of the three data files used in compiling Fig.(3.17) were taken before the data files
used to make Fig.(3.16) and one taken after the two data files used in compiling
Fig.(3.16).

From the above discussion of how the different data files were compiled, it
isclear that the sample is prepared in a different initial condition each time a new file
is begun. The main difference between successive data files is that the sample gets
exposed to an additional IR LED flash in the later file. This means that the Hall
electron concentration will be a little higher at the start of each data file compared
with the previous data file. This is illustrated in Fig.(3.12) showing how the Hall

electron concentration at low temperatures increases with increasing illumination
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from a source with photon energies greater than 0.8eV.

So once again these conditions are far from ideal for doing a frequency
dependent measurement. The sample should be warmed to above 150K, cooled
slowly in the dark to a known stable temperature, illuminated with an IR LED flash
for a precise amount of time, and exposed to an intense FIR pulse. This procedure
of warming, cooling, and IR flash should be repeated before the next FIR pulse.

The histograms were compiled by tabulating all the effects from intense FIR
pulses observed in the epilayer resistance versus time data files. The data in
Fig.(3.16) correspond to the two files taken at 29.5cm! and the data in Fig.(3.17)
correspond to the three files taken at 43.3cm-1. More data files were collected ateach
line but they represent the same effect shown in Figs.(3.16 and 3.17). The files were
grouped as they were in order to compare the data taken as near as possible to the
same initial conditions. That is, files were compared only if they had close to the
same Hall electron concentration. If Ny differs by an order of magnitude between
two files, then comparing the two data files is useless because the file corresponding
to the lower Ny will show a much larger change in epilayer resistance.

For each TEA laser line, two histograms are shown. Shown in Fig.(3.16a)
and Fig.(3.17a) are the histograms of persistent changes observed after the FIR
pulses. This is the change in resistance measured, either positive or negative, well
afterthe observed negative going transients haverelaxed (see the insets in Figs.(3.16a
and 3.17a)). The histograms of transient changes are shown in Fig.(3.16b) and
Fig.(3.17b). The transient is measured with respect to the point where the persistent
change first settles in. All the transients are negative. In some instances for the
29.5cm-1line, the persistent change is larger than the transient change. In that case,

the transient changes and persistent changes both rise above the resistance measured
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before irradiating with intense FIR.

There were two pulses, for the 29.5cm! data, that were not included in the
histogram of Fig.(3.16a) because they were toolarge for the range of AR’s presented
in Figs.(3.16 and 3.17). One pulse had a AR = 154€2 and the other had a AR = 37Q,
The 1542 change was immediately after an IR LED flash. All observed changes in
the files corresponding to 43.3cm-! were included. The one point with AR = 11.7Q
in Fig.(3.17a) corresponds to an FIR pulse immediately after an IR LED flash.

What Figs.(3.16 and 3.17) suggest is that the effect of intense FIR on
persistent resistance changes at 29.5cm-! is larger (by a factor of 2 or so) than the
persistent changes at 43.3cm"1. Even though the total pulse energy for the 43.3cm-
1 line was about a factor of 2 larger than the total pulse energy for 29.5cm 1. It is
interesting to note that the transient changes are roughly comparable, that is, the
43.3cm ! transients are a little larger than the 29.5cm-1 transients. The transients are
typically about 5 seconds long and most likely are photovoltaic transients from the
AuGe/Ni/Au contacts on the Hall bar (There are 7 contacts on the Hall bar as shown
inFig.(2.7b).). Alsonote that the persistentchanges for the 43.3cm1 are both positive
and negative, i.e. symmetrical about zero, and the persistent change for the 29.5cm-
! line are all positive except for two pulses.

It has been observed that different lines of the TEA laser used for these
measurements have different large scale time structure which could lead to different
total pulse energies but the same peak power.

The high pulse energy reported here, 15mJ for 43.3cm-1 and 8mJ for29.5cm-
1 was only observed with a methylfluoride (Ch3F) gas bottle that has since beenused

up. Newly purchased bottles of methylfluoride only give total pulse energies of 2
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to 4 mJ at 29.5cm-1 and 4 1o 7mJ for 43.3cm-1.

This has been stated here to alert the reader that TEA lasers are very unstable
machines and vary widely in performance form machine to machine. Fielding
Brown from Williams College in Massachusetts has an older TEA laserat his lab that
has a much more smooth large scale time structure than the one in the U.C.S.B. Free-
Electron Laser Lab. It cannot be stressed enough here that different lines (and
different machines) can have widely different time structures especially if different
gases are used. The time structure can usually be improved if the laser is not operated
with higher than needed He gas pressures. The He gas pressure is sometimes
increased to get higher total pulse energies which most likely correspond to more

irregular fine time structure and less smooth long time structure.
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Chapter 4

Hot Electron Capture of Electrons by DX Centers

§A Introduction

Some of the observed FIR induced carrier concentration changes can be
explained in terms of DX center phenomenology. The first part of this chapter will
be concerned with drawing this connection with the DX center.

The fact that the FIR induces persistent changes in Ny at low temperatures
(T<50K) can be explained in terms of capture of hot electrons by DX centers. The
size of the changes in electron concentration implies that the electrons are captured
by DX centers since they are the only trap of sufficient concentration to produce such
large changes.

At low temperatures when electrons are trapped by DX centers they remain
trapped for times as long as hours to days. The persistency observed in FIR induced
changes is consistent with the persistency observed with electron transport in the
presence of DX centers at low temperatures.

Associated with the DX center is a thermal barrier to both capture and

emission of electrons. Electrons may thermalize over the barrier via multiphonon
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emission and capture processes. At intermediate temperatures (T>150K), the DX
center is in equilibriurn with the conduction band states. The electrons will nolonger
remained trapped by DX centers for long times but will equilibrate with the
conduction band on the order of seconds to minutes. The FIR induced changes at
intermediate temperatures relax within seconds to minutes and are no longer
persistent as they were at low temperature. This observation is also consistent with
electron capture by DX centers.

From the temperature dependent FIR induced relaxations, a barrier height,
Ep, for the thermalizing electrons can be extracted from an Arrhenius plot. This
barrier height can then be compared with barriers associated with the DX center in
an attempt to verify that the electrons are in fact captured by the DX center.

The first part of this chapter will discuss how the barrier height, Ey, is found
fromthe FIR measurements and what it meansin terms of DX center phenomenology
will be the main point of this chapter and will be discussed first.

The second part of this chapter will estimate the amount of electron heating
by intense FIR, discuss the possible observed frequency dependence reported in
Chapter 3, §G, and summarize the many interesting observations reported in Chapter
3 of the FIR induced changes in the Hall electron concentration. The purpose of
discussing of the unusual FIR effects in this part of the chapter is to draw attention

to data discussed in Chapter 3 that are interesting and not understood.
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§B Thebarrier height, Ep, associated with the FIR induced relaxations

FIR induced changes in Ny, R, and Ly at intermediate temperatures (T>150K)

The FIR induced relaxations of Ny, R, and iy at intermediate temperatures
are nonexponential and temperature dependent. Some typical FIR induced relaxations
at 150K are shown in Fig.(3.13) of Chapter 3, §E. The temperature dependence of
such FIR induced relaxations is illustrated in Fig.(4.1) along with an example of a
stretched exponential fit to the data corresponding to 160K. The purpose of the
stretched exponential fit is to parameterize each relaxation with a time constant, .
No information about the physics of how the electrons are relaxing is intended from
the functional form of the fit. See Chapter 3, §D for a discussion of the stretched
exponential curve fit.

Relaxations in the epilayer resistance, R, are fitted instead of the relaxations
in the Hall electron concentration, Ny, since the resistance data is less noisy. All the
fitted resistance relaxations correspond to changes in Ny which were above the
noise. This ensures that the FIR effect induced a change in the Hall electron
concentration. All the resistance changes were observed to increase after the FIR
pulseand thenrelax back to within 10% of its initial value. Mostall the corresponding
Hall electron concentration, Ny, changes were observed to decreaseinitially with the

FIR pulse and then relax back to within 10% of its initial value.

The barrier height, Ey,
The temperature dependence of the time constants, T, extracted from the

stretched exponential fits, can be fit to an exponential,
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Fig.(4.1) The temperature dependence of the intense FIR effect on an
Al,Ga,,As:Si epilayerresistance. The solid line is a stretched exponential
fit of the form: R(t) = Rexp( -(t/t)? ) + R,. All four relaxations have been
normalized to 1.0.

T = Toexp( Ep/kT),
as shown in Fig.(4.2). In Fig.(4.2), log(t) is plotted versus 1000/T with a least
squares fit line drawn through the scatter of data points. From the slope, myg, of the
linear least squares fit, the barrier height, Ey, corresponding to the temperature
dependent FIR relaxations, can be found. Since Boltzmann’s constant is 8.62x10-
5eV/K and log(t) is plotted versus 1000/T, Ep is given by
E}, = (8.62x10-5¢ V/K)(1000K)m, = (86.2meV)my,

where my is the slope of the Arrhenius plot. From the fit done to the data in Fig.(4.2),
a barrier height, Ep, of 132 £ 12 meV is found.

Doing such a fit assumes that Ep, is independent of temperature. Barriers

associated with the DX center have been found to have a very small temperature
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Fig.(4.2) An Amhenius plot of the temperature dependent resistance

relaxations of an Al,;Ga,,As:Si epilayer. The solid line is a least squares

linear fit to the logarithm of the time constants extracted from the stretched

exponential curve fits to relaxations in the epilayer resistance.
dependence, on the order of 0.1meV/K [1.8]. A corresponding temperature effect
might exist for Ep, but would most likely lead to corrections much smaller than the
experimental error of +12meV found for Ep,

The barrier of 132meV measured from the FIR relaxations discussed above
is smaller than the barrier measured from IR LED induced relaxations in the epilayer
resistance. The barrier corresponding to temperature dependent IR LED relaxations
was found to be 191 £+ 13meV in Chapter 3, §D. Itis know from the literature [4.5,
3.5, 3.7, 1.8] that such IR LED induced relaxations measure the thermal capture
barrier, E¢, of the DX center (See Fig.(1.12b) Chapter 1, §C). The open question is

what barrier is measured from the temperature dependence of the intense FIR

relaxations.
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Interpretations of Ep

When thinking about which barrier height associated with the DX center is
measured with the intense FIR effect at intermediate temperatures, it helps to
visualize where the electrons were before the FIR pulse and where they were
immediately after the FIR pulse. Before the FIR pulse, itis assumed that the electrons
in the conduction band are in thermal equilibrium with the electrons localized at the
DX centers (see Fig.(3.1) of Chapter 3, §B). Immediately after the FIR pulse the Hall
electron concentration goes down and the epilayer resistance goes up. This implies
that the new nonequilibrium distribution of electrons has more electrons localized
at the DX center and fewer electrons in the conduction band as compared with the
equilibrium distribution before the FIR pulse. The nonequilibriumdistribution starts
to relax immediately after the end of the intense FIR laser pulse. €2 the electrons
thermalize over the DX center’s thermal emission barrier, Ee, during the relaxation
of the nonequilibrium distribution (See Fig.(1.12b) of Chapter 1, §C). Thisargument
suggests that the barrier measured by the temperature dependence of the intense FIR
relaxations correspond to the thermal emission barrier, Ee, of the DX center.

The thermal emission barrier, Eg, for the DX center is typically around
400meV and is independent of aluminum mole fraction and electron concentration
as is shown in Fig.(1.11a) of Chapter 1, §F. So the thermal emission barrier of the
DX center is a factor of 3 larger than the barrier, Ey, measured from the intense FIR
data. The barrier, Ey, is even lower than the thermal capture barrier of the DX center
which has been measured to be 191+13meV from the IR LED flashes for the sample
studied in this thesis (see Fig(3.6) Chapter 3, §D).
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Mechanisms for FIR induced electron capture

Thereason why Epis smaller thaneither Ee or E¢ for the DX center is unknown.
However, the values for E; and E¢ of the DX center quoted in the literature are for
multiphonon capture and emission processes. We believe that since Ep is less than
the values of Eg or Eg this is indirect evidence that the mechanism for intense FIR
induced changes in Ny and R is not a multiphonon capture process (i.e. not from
simple lattice heating). One possible mechanism is that the electric field of the
intense FIR induces hot electron capture via an intermediate state of the DX center
which is believed to have a smaller capture and emission barrier (=100meV, see
Ref(1.52)) than the thermal capture, E¢, and emission, Ee, barrier of the DX center.
Itis also possible that the FIR excites a local vibrational mode (LVM) of the Si atom
which is responsible for the capture of electrons by the DX center. The model of
Chadi and Chang [1.29] predicts that when the silicon atom shifts by about 1A,
moving from its substitutional site to an interstitial site (see Fig.(1.7) of Chapter 1,
§F), it traps two electrons and becomes a negatively charged center, DX-. Exciting
a LVM of the Si atom with intense FIR could move the Si atom enough to induce
capture and emission of electrons onto and from DX centers. A LVM has been
measured at 395cm! [4.1]; however, the detector in Ref.(4.1) was not sensitive to
frequencies below 200cm-1[4.2]. Sothe existence of alow frequency (30cm-! to 50cm-
1) LVM of the Si atom at the FIR frequencies used in this thesis cannot be ruled out
on the basis of the results of Ref.(4.1).

There are two distinct physical processes discussed in the literature about

how electron capture by DX centers occurs. One is by amultiphonon capture process
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and the otheris by ahot electron capture process. This leads totwophysically distinct

ways to measure the electron capture barrier of the DX center. One technique, which
probes multiphonon capture process, uses what is called deep level transient
spectroscopy (DLTS) [4.3]. The other technique, which probes hot electron capture,
is done by monitoring conductance transients, in a short channel MODFET, in
response to brief, Sus to Sms, (larger than 1.0V) source-drain voltage, Vsp, pulses
[4.4,4.5,4.6, 1.39]. This technique probes the dynamics of a capture process since,
upon repeated application of Vsp, free electrons can enter the depleted region of the
AlxGajy.xAs and then get captured by the DX centers during each pulse. The electron
capture barriers, Ec, measured by these two methods turn out to be quite different.
Forx =0.35, the DLTS technique gives values of about 300meV for E [4.7,4.8] and
the hot electron induced capture gives a value of 103meV for E¢ [4.4].

Animportant point about the electron capture barrier of the DX center is that
it depends on aluminum mole fraction and free electron concentration. Shown in
Fig.(1.12b) of Chapter 1, §F is how E; (measured with respect to the conduction
band) depends on aluminum mole fraction when the occupied DX center concentration
is 50% for Si doped AlxGaj.xAs epilayers. The capture barrier has a minimum at x
=0.35of about210meV, near the crossover fromdirect to indirect gap materials. The
capture experiments suggest a distribution of capture barriers which is partially
explained by the decreasing electron concentration in the conduction band as capture
occurs. This alone does not account for all of the observed distribution in capture
barriers so an analysis of the data includes a distribution of capture barriers with a
full width at half maximum (FWHM) of 45meV for x = 0.35 [1.39].

For the hot electron capture between 77 and 90K [4.4], the capture rate



149
changed very little. This suggests the onset of a purely athermal (not assisted by

phonons) capture process. The hot electron capture is reconciled with the thermal
capture data by assuming that capture occurs not only by a multiphonon process but
that it is assisted by the athermal (hot electron) population of an intermediate state
of the DX center [4.9, 1.48] - i.e. a possibility for this intermediate state is the A1
symmetry, DO state discussed in Chapter 1, §E.

In summary, the energy barrier, Ep, found from the temperature dependent
intense FIR changes in epilayer resistance of 132+12 meV is closest to the hot
electron capture barrier of 103meV. But Ep is believed to be an emission barrier not
a capture barrier. Hot electron capture can be used to fill the DX centers and then
the emission transients can then be measured to assure that the DX center is the trap
responsible for the hot electron capture. Such emission transients observed from hot
electron capture by Theis et al. [4.6] were found to be about 300meV [4.10] which
corresponds reasonably well with the emission transients measures by DLTS. So
even though there is a discrepancy of 100meV between hot electron capture and the
thermal capture barrier observed by Theis et al. [4.6], the emission barriers observed
after hot electron capture or with DLTS are virtually the same. This is not surprising
since, in both cases of hot electron capture and thermal capture, the emission occurs
via multiphonon processes. With all of this in mind, it seems that the barrier, Eb,
corresponds to the emission of electrons from an intermediate state of the DX center-

i.e. an intermediate state with an emission barrier of about 100meV.
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§C Generation of hot electrons by intense FIR

The DC and AC Gunn effect

The transfer of electrons from the I valley (conduction band valley) to the
L valley in bulk GaAs is observed atroom temperature when electrons are heated by
aDCelectric field of around 3.5kV/cm or higher. This transfer of electrons from the
I" valley to the L valley in GaAs is known as the DC Gunn effect [4.11]. The I" and
L valleys are separated by about 300meV (see Chapter 1 §B) so the DC Gunn effect
represents significant héating of electrons by a DC electric field. The Gunn effect
has also been seen at large AC fields of 35GHz microwave radiation [4.12]. The
intervalley transfer of electrons was observed at peak AC fields of about 4kV/cm at
300K in bulk GaAs for these microwave experiments. Since the peak AC field for
the intense FIR (1 to 2THz) used for the experiments reported in this thesis is up to
15kV/cm (TEA laser total pulse energy of 4mJ in 50nsec focused to 3mm spot size),
the electrons could be heated considerably by comparison with the microwave

studies of the AC Gunn effect.

Energy and momentum relaxation times
When thinking about simple estimates of how much an AC field heats
electrons two time scales are important: the momentum relaxation time, T, and the
energy relaxation time, Te. The momentum relaxation time is related to the drift
mobility by
Hd = eTm/m*.

This time can be thought of as the time it takes for the electron to scatter. The drift
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mobility or T, determines how much kinetic energy is absorbed by the electrons

from the AC field before the electron scatters. With frequencies of the AC field such
that wt << 1, the electric field does not change much before the electron is scattered
(for lig = 100cm2/Vs and o = 29.5cm™!, wt = 0.02). This means that the electron
would adiabatically follow the electric field if the electron also lost energy to the
lattice in time Ty,. However, this is not the case. The rate at which electrons lose
energy tothecrystal lattice is determined by the energy relaxation time, Te. Theelectron
loses energy to the lattice by emitting phonons. So T is a measure of how quickly
the electrons give off phonons to equilibrate with the lattice. The heatingof electrons

means that the electrons acquire more energy then their surrounding lattice.

Electron-temperature model

A model used to quantitatively describe how much more hot the electrons are
than the lattice is called the electron-temperature model [4.13]. The electron-
temperature model assumes that the excited hot electrons are in thermal equilibrium
with each other and their distribution is thermal. A thermal distribution of electrons
is a distribution of electrons that are in equilibrium with each other and hence are
described by an effective electron temperature, Te, that is higher than the lattice
temperature, T1.. There is strong experimental evidence (see references within
[4.13]) in favor of the electron-temperature model described above.

The relaxation process by which the excited electrons lose there energy to the
surrounding crystal lattice is characterized by the energy relaxation time te. The
amount by which Te is greater than T determines whether acoustic phonons or polar

optical phonons are emitted as the electrons lose energy to the lattice. For a hot
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electron gas with kTe greater than the longitudinal optical (LO) phonon energy,

hoLo (=36meV for GaAs), the electron gas cools by emitting LO phonons. When
kTe for the hot electron gas is less than 720 O, the energy relaxation slows down and
electrons lose energy by emitting acoustic phonons only. The 1.O-phonon emission
relaxation times for a single electron in bulk GaAs is calculated tobe 0.13psec [4.13].
The relaxation time for acoustic-phonon emission is much longer and typically on
the order of 100psec.

In order for the energy to be taken out of the electron lattice system, the LO
phonon must decay into acoustic phonons which thermalize with the lattice very
quickly. The decay of an LO phonon into two acoustic phonons takes about 5 to 10
psec. This long lifetime of the LO phonon can lead to a nonequilibrium LO phonon
population and the hot electrons can reabsorb these nonequilibrium phonons and
slow down the relaxation of the hot electron gas. This phonon bottle neck is referred
to as the hot-phonon effect in the literature. So the energy relaxation time for bulk
GaAsisthen determined by the LO phononlifetime. A Te of 7psecis typically quoted
in the literature as the measured LO phonon lifetime for bulk GaAs [4.14].

This energy relaxation rate of 7x10-12sec is very long compared with the
momentum relaxation times of Tm(ig=1000cm?/Vs) = 3.8x10-14sec typical for the
Alg3Gap 7As epilayer studied in this thesis. This can lead to large electron heating
by the intense FIR.

The amount of energy gained by the electrons can be estimated by a
calculation based upon the balance of energy gain and loss processes for the electron

gas in the illuminated Alp 3Gag 7As:Siepilayer. The following two equations used
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in [4.15] form the basis of a simple phenomenological analysis:

dE/dt = evE, - [E(Te) - E(TU/Tes (1)

v + Tpdv/dt = g4E,, )
where the effects of energy loss to the lattice and intervalley scattering have been
included in T, which is taken as the energy relaxation time discussed above (1¢ =
Spsec). In the above equation, E(Te) is the kinetic energy of the electrons at a
temperature of Te, E(TL) is the kinetic energy of the electrons at the lattice temperature
TL, eisthe fundamental electron charge, vis the drift velocity, E is the kinetic energy,
g is the drift mobility, Ey is the applied electric field (assumed to be a DC field in
[4.15]), and 7¢ is the energy relaxation time. So in the steady state, dE/dt = 0, the
average clectron energy is related to the electric field by:

E(Te) - E(TL) = eTeptdEo?.

For the estimate described here, Eg is taken as the root mean square of the AC field
corresponding to the intense FIR (Epeak = 15kV/cm, for the TEA laser with 4mJ total
pulse energy in 50nsec focused to a 3mm spot size), pg = 1000cm?2/Vs, Te = 5x10-
125ec (assuming E(Te)-E(TL) > ko o). Using these values in the above equation
gives E(Tg) - E(TL) = 0.5¢V. This corresponds to an enormous amount of electron
heating which is well above the difference in energy between the I' and L minima
in bulk GaAs, AEr1, =0.3¢eV.

Once electrons are heated sufficiently to be scattered into the L valley, the
electron distribution no longer satisfies the assumption of the electron-temperature
model. The reason for this is that the electrons that are scattered in the L valley are
quite close to the lattice temperature Ty, while the electrons in the conduction band

(T" valley) are at a temperature Te much larger than Ty, [4.16]). So all that can be
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concluded from the above estimate is that there is sufficient electron heating to

populate the L valley. It would be incorrect to assume that the electrons are heated
significantly above AEry, (=0.3¢V) even though the estimate gives a value larger
than 0.3eV. Incidentally, the above two equations were derived with the assumption
that the contribution to the kinetic energy, E, from satellite valleys (i.e. L and X
valleys) is small. This assumes that all the heating takes place in the I" (or central)
valley.

So it seems possible that there is sufficient electron heating to populate an
intermediate state of the DX center around 100meV above the conduction band (hot
electron capture) which could then be captured by the DX center by phonon assisted
processes (i.e. an FIR induced LVM). Note as the electrons relax and give off LO
phonons, these LO phonons could supply the needed lattice energy (see the LLR
model of the DX center, Chapter 1, §F[1.32, 1.33]) for an electron to be captured by
aDX center. This lattice energy is required since the hot electron capture is believed
to be thermally assisted by phonons at intermediate temperatures [4.4]. The lattice
energy could also be supplied by FIR excited local vibrational modes of the Si atom
associated with the DX center [4.1] or by intense FIR excited bulk acoustic phonons
of the Alp 3Gag 7As lattice.

For cold temperatures, the hot electron capture by DX centers is believed to
be athermal [4.4] (not assisted by phonons). It is possible that the electrons are
metastably captured at an intermediate state of the DX center at theses cold
temperatures. However, the intermediate state of the DX center is believed not to
exhibit persistent photoconductivity. The FIR effect at cold temperatures is

persistent which seems to imply that the electrons do not remain at the intermediate
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state after being athermally captured but do become trapped at the DX center.

§D Summary of Interesting FIR induced effects

Frequency dependence of the FIR induced effect

One of the most interesting FIR effects reported in Chapter 3 but not
discussed yet was the possible frequency dependence of the intense FIR induced
changes in the Alg3Gap,7As:Si epilayer resistance. Recall that the FIR effect at
29.5cmr], Fig.(3.16), was at least a factor of 2 larger than the effect at 43.3cml,
Fig.(3.17), even though the total pulse energy for the 43.3cm! line was twice that
of the 29.5cm-1. For simple lattice heating of the electrons from FIR excited acoustic
phonons, the phonon density of states predicts that the 29.5cm-! line should have a
smaller effect than the 43.3cm1 line. This is the case since the density of states of
phonons at 43.3cm-1 (note momentum does not need to be conserved with LVM so
only one phonon is created by one photon i.e. the photon does not split its energy in
two when creating phonons as would be required if momentum was conserved
[4.17]) is significantly larger than the density of states of phonons at 29.5cm"! (see
Fig.(1.7) for a phonon density of states in GaAs). This means that there are many
more 43.3cm1 phonons than the 29.5cm ! phonons and simple lattice heating should
be greater with a larger number of phonons available to heat the lattice. So this
observed frequency dependence is evidence against simple lattice heating since the
effect at 29.5cm1 is larger than the effect at 43.3cm-1.

The other possibility is that the frequency effect observed could be due to

local vibrational modes (VM) of the silicon atom corresponding to the DX center.
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(See the discussion earlier in Chapter 4, §B of the LVM and the model of Chadi and

Chang.) This certainly motivates a careful frequency dependence study of the FIR
induced changes in Ny and R to see what sort of structure could be seen and how it

might relate to LVMs of the Si atom in AlxGaj.xAs:Si epilayer.

Power dependence of the FIR induced effect

The attenuation data of Fig.(3.15) of Chapter 3 §F seems to suggest some sort
of power threshold for the TEA laser FIR effect. While at the same time the FEL
measurements seem to indicate a linear dependence on power. These data are not
consistent and motivate a careful attenuation study to figure out how to match up the
two different power regimes of the FEL and TEA laser, and more importantly, find
out what details of the attenuation data presented in Chapter 3 are reproducible. At
this stage the two sets of data seem to contradict each other and hence suggest that

they are somehow in error.

FIR induced electron capture by the DX center

Close examination of Fig.(3.8) of Chapter 3, §E raises many interesting
unanswered questions. The only aspect of Fig.(3.8) that is thought to be understood
is that the first five FIR pulses induce electron capture by DX centers. The next
tempting thing to say about the data is that the persistent increases and decreases of
Nn implies that the FIR induces electron capture by DX centers and emission of
electrons from DX centers. However, it seems that the mobility changes observed
imply that the resistance is not changing as it should if the FIR were indeed inducing

both ionization and capture. This makes it difficult to conclude that electrons
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involved are originating from only DX centers. The persistent changes could be

coming from some other persistent effect associated with the unintentional 2DEG at

the AlGaAs/GaAs interface substrate [4.5].

Large effect of the FIR after an IR LED flash

Another feature of Fig.(3.8) is that the largest effect observed seems to be
within the first few FIR pulses immediately following the IR LED flash. The effect
is particularly striking in the resistance data were the asymptotic pulses (the pulses
well after the IR LED flash) are quite small. The asymptotic value of Ny and R are
not reproducible and seem to depend on mobility and whether or not the sample was
exposed to an IR LED flash after dark cooling. Nonetheless, the first few FIR pulses
after the IR LED flash are consistently the largest and seem to be independent of the
specific details of how the initial values of Ny, R, and Ly were obtained. It should
be stated that the data of Fig.(3.8) is difficult to reproduce and is an exceptional case.
Similar data collected at different times does not show such clear asymptotic

behavior and initial trends in Ny and R.

FIR effect on a dark cooled sample

The FIR induced effects in Ny, R, and gy of a dark cooled Alp 3Gag 7As:Si
epilayer also show very rich structure as shown in Fig.(3.7). The mostregular feature
of such data is that the epilayer resistance starts out on the order of 4MS2 (typical of
a sample that is frozen out) and after 10 to 20 FIR pulses is reduced to around 50kQ.
However, the Hall electron concentration is never larger than 1014cm-3 and quite

often is as low as 5x1012cm-1. Itis well known that the background impurities in
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MBE grown samples are 1014 to 1015cm-3. So it is difficult to say where the

electrons, observed after intense FIR pulses on a dark cooled epilayer, come from.
They could be from some unknown shallow donor impurity. It is possible that the
intense FIR is inducing electron capture by DX centers and ionization of electrons

from DX centers.

FIR induced Hall electron mobility changes

There are many examples of FIR effects that induce increases in both Hall
electron concentration, Ny, and epilayer resistance, R, or decreases in both Ny and
R. Two such effects are shown in Fig.(3.9a,b,c). These data show that the mobility
does not remain constant during the FIR induced changes in Ny and R but changes
by large amounts. This is a very strange effect and is not uncommon. It could be the
result of transferring electrons between two different mobility regions of the sample.

It is quite possible that the electrons are hot enough to be transferred in real
space between the Alp 3Gag 7As:Siepilayerand the unintentional 2DEG (see Fig.(2.4)
and Chapter 5 for a discussion of hot electron real space transfer). This real space
transfer can lead to large mobility changes since the mobility of the electrons at the
unintentional 2DEG s around 10,000cm?2/Vs and that of the Al 3Gag 7As:Siepilayer
is around 100cm2/Vs. So even a small amount of charge transfer from the
Alg.3Gag 7As:Si to the unintentional 2DEG can lead to measurable increases in the
mobility. The reverse process of transferring a small number of electrons in the
2DEG to the Alp.3Gag 7As:Si epilayer can lead to measurable decreases in mobility.

Examining Fig.(2.4b), reveals that the electrons need to gain 700meV in

order to be transferred to the 2DEG at the substrate interface. From the discussion
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presented in §C of this chapter, it seems unlikely that electrons can get heated much
more than 300meV by intense FIR. So itis not too plausible that electrons are being
transferred back and forth between the substrate interface 2DEG and the
Alp 3Gap.7As:Si epilayer given the 1um undoped Alg 3Gag,7As buffer layer shown
in Fig.(2.4a). See Ref.(4.5) for a discussion of other mechanisms for persistent

changes in mobility.
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Chapter 5

FIR Induced Hot Electron Real-Space Transfer in
an Alg 3Gag 7As/GaAs Heterostructure

§A Introduction

In this chapter, the effect of intense FIR on electron transport in an AlxGaj.
xAs/GaAs heterostructures (2DEG) and half parabolic quantum wells are discussed
(see Chapter 2, §A and §B for details of these two quantum well structures). The
measurements reported in this chapter were actually the first observations of the
effect of intense FIR on electron transport in AlyGaj.xAs/GaAs quantum wells and
epilayers that are discussed in this thesis. Afterthese preliminary measurements, the
system under study was simplified to an Alg3Gag7As:Si epilayer, discussed in
Chapters 3 and 4, in an effort to understand the effect of the FIR in the 2DEG systems.

For the initial measurements of electron transport in quantum wells, only the
channel (2DEG)resistance was measured as a function of time while the sample was
periedically (1/3 Hz) exposed to intense FIR. Photo-Hall measurements were not
done since these preliminary measurements were investigating optical properties of

quantum wells in the FIR (namely, second harmonic generation {5.1]).
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The effect of intense FIR on the transport of electrons in these structures was
an accidental discovery [5.2]. It was only after W. W. Bewley, C. L. Felix, and M.
S. Sherwin had discussions with many people [5.3] at the March 1991 APS meeting
that we learned the importance of doing photo-Hall measurements to enable us to
unravel the dependence of the epilayer resistance (channel resistance for a 2DEG)
on electron concentration and mobility. In addition, we learned about the importance
of having alarge (1um) buffer layer between the Sidoped AlxGaj.xAs and the GaAs
buffer and substrate to prevent the population of a 2DEG at the substrate interface.
Itis regrettable that all the measurements done to date on the quantum wells do not
include any Hall electron concentration data but only channel resistance data. Time,
money, and ignorance have prevented us from having photo-Hall data for the effect
of FIR on electron transport in quantum wells.

In light of the fact that data presented in this chapter do not include photo-
Hall transport data, there is a very strong possibility that many of the conclusions
drawn in this chapter are wrong! The hope is that what was learned from the photo-
Hall transport in the Alg 3Gag 7As:Si epilayer discussed in Chapters 3 and 4 can help
strengthen the arguments presented in this chapter.

In §B of this chapter, background information on real-space transfer of
electrons in quantum wells will be presented.

In §C, the data will be discussed. The data are complicated by different
quantumwell structures and FIR coupling schemes used in the transport measurements.
The polarization data presented are of marginal quality; its purpose is only to show
that the FIR effect is observed for both electric field polarizations (electric field

vector of the FIR polarized parallel and perpendicular to the growth direction of the
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quantum well). The calculation of the electric field within the sample for the

different coupling schemes is also discussed in §C.

The data are analyzed in §D within the context of hot electron real-space
transfer in quantum wells.

The chapter is concluded with transport data for an Alg 3Gag 7As:Si epilayer
with the unintentional 2DEG of the substrate interface populated. Because of this
2DEQ, itis likely that real- space transfer is a relevant mechanism for the observed

FIR effect.
§B Real-space transfer of electrons in quantum wells

Introduction

Intervalley transfer of electrons (e.g. I" valley to L valley) in bulk GaAs (the
Gunn effect) was discussed in Chapter 4. In quantum wells, electrons can be
transferred from the 2DEG of the AlyGa).xAs/GaAs interface to the AlxGaj.xAs:Si
region of a heterostructure. This transfer of electrons is referred to as real-space
transfer of electrons in heterostructures and is the real-space analogy of the k-space
transfer of the Gunn effect. Real-space transfer involves electron transfer from the
I" valley of the GaAs to the I valley of the AlxGaj.xAs but could also occur via the
L or X valleys of the AlxGaj.xAs. Such real-space transfer of electrons is used to
explain hotelectron mobility datain a2DEG heterostructure using 35GHz microwave
radiation with peak AC field of 3.5kV/cm to generate the hot electrons [4.12]. Hot
electron mobility data interpreted in the context of real-space transfer has also been

reported for DC fields around 3kV/cm [5.4].
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To make sure that the mechanism for real-space transfer is distinct from that

of k-space transfer (the RWH mechanism [5.6]), Keever et al. [5.4] made
measurements with a heterostructure having x=0.17 so that the conduction band
offset is smaller than the energy separation from the I" valley to the L valley. Their
Monte Carlo simulations show that for x less than or equal to 0.17 the electrons move
out of the GaAs long before they can populate higher valleys. They observed the
threshold field to be between 2 and 3 kV/cm for x = 0.17.

Time scale for real-space transfer

The time forreal-space transfer to occurin AlyGaj.xAs/GaAs heterostructures
has been calculated by Monte Carlo methods and the transfer time was estimated to
be of the order of 10! seconds[5.5]. Measurement of this time was not possible with
the experimental arrangement in Ref.(5.4). All that can be inferred is that the effect

is faster than 1 nsec [5.4].

Models for real-space transfer

Real-space electron transfer can be modeled by thermionic emission of hot
electrons from the high-mobility GaAs layers into the neighboring low-mobility
AlxGaj.xAs layer [5.7]. Within the context of real-space transfer, the electron
temperature in the GaAs layer is assumed constant and the electron temperature in
the AlxGa)_xAs layer is assumed to be position dependent along with the quasi-
Fermi level. The reverse process of cool electronsin the Al,Ga).xAslayertransferring
into the GaAs is also included in the thermionic emission model of Ref.(5.7). Band

bending by ionized donors in the AlxGaj_xAs layer was not included in the analysis
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in Ref.(5.7) but should aid in the transfer of electrons into the low mobility AlyGaj.

xAs layers. This is the case since the built-in electric field will attract electrons from
the GaAs layer and the barrier will impede transfer back into the GaAs.

An application of a DC electric field parallel to the 2DEG layer interface
results in heating of the high-mobility electrons in the GaAs layer. When the average
kinetic energy of the electrons in the GaAs becomes comparable to the potential
barrier height of the conduction band offset, AEc, they can be thermionically emitted
into the AlxGaj.xAs layer.

The Boltzmann equation is solved assuming a Maxwellian distribution for
the isotropic part of the electron distribution function with a position-dependent
electron temperature. This assumption is justified since electron-electron collisions
will randomize the energy gained in the electric field direction and hence establish
a Maxwellian distribution. The use of the Boltzmann equation is allowed for layer
widthslarge enough to avoid the complications arising from size quantization effects
and other two-dimensional effects. For this reason, the calculations in Ref.(5.7)
choose layer widths larger than 400A.

Monte Carlo simulations [5.8] were also done in collaboration with the
authors of Ref.(5.7). The Monte Carlo simulations were in good agreement with the
thermionic calculations. The simulations did not include electron temperature
gradients in the AlxGaj.xAs layer but did consider the L valley conduction band for
the GaAslayer. The thermionic calculations of Ref.(5.7) did not consider the effects
of the L valley.

Since the threshold fields, 2 to 3kV/cm, for real-space transfer in

heterostructures is so close to the threshold field, 3.5kV/cm, for intervalley transfer
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in bulk GaAs, an attempt was made to assess the importance of intervalley scattering

in the GaAs and AlxGaj.xAs of the heterostructure in the Monte Carlo simulations
[5.8]. The result of the simulation was that the average kinetic energy of an electron
in the AlxGaj-xAs was less than 100meV for field strengths of 2 to 4kV/cm. This
average kinetic energy of the electrons is well below the intervalley I'-L energy
separation of 300meV in the AlxGaj.xAs. The conclusion drawn was that the
mechanism of electrons leaving the high-mobility GaAs layer by thermionic
emission and transferred in real space to the low-mobility AlxGaj.xAs layer is from

the I" or L. valley of the GaAs to the I valley of the AlxGaj.xAs.

§C The electron transport data for the FIR effect in an AlyGaj1.xAs/

GaAs heterostructure and quantum well

10 Half parabolic well data

The data shownin Fig.(5.1a) correspond to having the electric field polarized
parallel to the growth direction of the quantum well. As marked on Fig.(5.1), the
LED (red light emitting diode) was kept on for the first few FIR pulses and then
turned off with the FIR still firing at about 1/3Hz repetition rate. The data shown in
Fig.(5.1b) correspond to having the electric field polarized perpendicular to the
growth direction. The sample studied in Fig.(5.1) was made up of 10 half parabolic
quantum wells (See Chapter 2, §A and §B for a sample description.). Different
cryostats were used for the two different polarizations. Forthe case with the electric
field polarized parallel to the z-direction, Fig.(5.1a), the sample was mounted in a

strip line (horn) geometry and cooled with a continuous flow cryostat {5.9]. For the
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Fig.(5.1) The FIR induced resistance changes in a 10 half parabolic
quantum well sample with the electric field of the TEA laser polarized: (a)
parallel to the growth direction of the well with the TEA laser operating at
29.5cm and total average pulse energy of 4mJ and (b) perpendicularto the
growth direction with the TEA laser operating at 43.3cm and total pulse
energy of SmJ.

case with the electric field polarized perpendicular to the z-direction, Fig.(5.1b), a
top loading cryostat was used which allowed the sample to be rotated so as to achieve
the proper coupling of the electric field polarization (see Chapter 2, §D and §H for

adiscussion of cryostats and FIR coupling schemes used for measurements reported
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in this thesis). The strip line geometry was also used for the data presented in

Figs.(5.2 and 5.3) of this chapter.

Heterostructure data

The effect of intense FIR on the epilayer resistance of an Alg 3Gag 7As/GaAs
heterostructure (2DEG) is shown in Fig.(5.2) (see Chapter 2, § B for a description of
the sample). The electric field vector of the FIR is polarized parallel to the growth
direction of the quantum well and was coupled to the sample using the horn geometry
of Ref.(5.9). Asin Fig.(5.1), the LED was kept on for the first few FIR pulses and
then turned off with the FIR still firing at about a 1/3 Hz repetition rate. The
resistance remains above 415Q after each FIR pulse with the LED off in both
Figs.(5.2aand 5.2b). The FIR induced changes in resistance shown in Fig.(5.2a) are
always increasing with the LED on. Once the LED is turned off, the resistance
changes are seen to both increase and decrease except for the FIR pulse immediately
after turning the LED off. The first FIR pulse immediately after turning off the LED

always induces an increase in the epilayer resistance.

Estimates of the electric field in the sample

The two coupling schemes described above require different analyses to
estimate the electric field within the sample. The estimates of the electric field are
probably within a factor of two of the actual fields achieved.

The electric field estimates are averages of pulse to pulse fluctuations in the
TEA laser. The peak electric fields are higher than the average estimates presented

in this thesis. See Chapter 2, §E for a discussion of the time structure and pulse to
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LED LED
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11.1kQ

| |
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Fig.(5.2) The effect of intense FIR on the epilayer resistance of an
Al, ,Ga,;As/GaAs heterostructure (2DEG) at two different powers. The
TEA laser was operated at 29.5cm* with an average total pulse energy of
(a) 3.3mJ (220kW/cm? or an electric field of 6.8kV/cm) at the sample and
(b) 0.8mJ (49kW/cm? or an electric field of 3.2kV/cm) at the sample.
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pulse fluctuations of the TEA laser pulses.

For the horn geometry of Ref.(5.9), the assumption is that 5% of the free field
intensity, Sf, outside the horn gets coupled into the sample, S, and the electric field
within the sample is found from the expression

Ss = (0.05)S¢ = (c/8m)n12E2,

where n is the index of refraction of GaAs (n=3.6) and E, is the estimated electric
field within the sample. The free field intensity, St, is the average total energy of the
FIR pulse divided by the FIR pulse length and the spot size of the FIR on the edge
of the sample within the homn. This spot size is taken as the thickness of the sample,
0.5mm, times the diameter of 3mm for the focused FIR beam. This gives 1.5mm?
for the spot size within the horn. The horn couples the FIR onto the edge of the sample
which is 0.5mm thick so the thickness of the sample determines one of the
dimensions in the area of the focused spot size. As anexample, an average total pulse
energy of 3.3mJ in 50nsec pulse of the TEA laser focused to a spot size of 1.5mm?
using the horn coupling scheme gives 220kW/cm? for the field intensity within the
sample, Sg, and 6.8kV/cm for E, as is the case in Fig.(5.2a).

The assumption that 5% of the free field intensity, S, is coupled into the
sample is based on transmission measurements of the horn with a sample mounted
in it using the TEA laser operating at 29.5cm-! and an average total pulse energy of
around 3 to 4mlJ.

The corresponding calculation for the top loading cryostat is simpler since
the FIR is coupled with the electric field parallel to the surface of the sample (The
propagation direction is at normal incidence to the sample.). The assumption here

is that around 32% of the free field intensity is reflected, R = (n-1)2/(n+1)2=0.32
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for n= 3.6, by the sample at normal incidence. So 68% of the free field intensity is

coupled into the sample. Since the top loading cryostat has z-cut quartz windows,
another 50% of the free field intensity is absorbed by the quartz. With the FIR beam
from the TEA laser focused to a 3mm diameter spot and an average total pulse energy
of 5mJ, the free field intensity within the sample is 480kW/cm?2 which implies an E,

of 10kV/cm as is the case in Fig.(5.2b).
§D Analyzing the FIR induced AR’s in terms of real-space transfer

Electric field polarization data

The main point of Fig.(5.1) is that the FIR induce AR’s are observed for both
polarizations of the electric field. However it must be noted that the sample in
Fig.(5.1a) is exposed to other polarizations beside the electric field component
parallel to the growth direction of the quantum well (see Ref.(5.9) for a discussion
of the transmission of the FIR in the strip line (horn) geometry). In conclusion, the
electric field of the laser need not be polarized only in the growth direction of the
quantum well in order to observe the FIR-induced resistance changes. Note that all
calculations of real-space electron transfer in AlxGaj.xAs/GaAs heterostructures
assume that the electric field is polarized in the plane of the wafer which is

perpendicular to the growth direction.

Power dependence data
The FIR induced resistance changes at full power, Fig.(5.2a), are on the order

of 10kQ. While the FIR induced resistance changes at about 22% full power,
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Fig.(5.2b), are on the order of 10 to 100Q2 and are steadily increasing. These two

figures suggest some sort of power threshold between the steadily increasing
resistance changes of Fig.(5.2b) and the increasing and decreasing FIR induced
resistance changes of Fig.(5.2a).

The power dependence of the resistance changes is shown in Fig.(5.3). The
data shown in Fig.(5.3a) were compiled from having the LED on while the sample
was exposed to intense FIR at a repetition rate of 1/3 Hz. Each point in Fig.(5.3a)
corresponds to the average of 3 to 5 FIR induced resistance changes at a given
attenuation of the FIR beam. The data shown in Fig.(5.3b) were compiled from
having the LED off while the sample was exposed to FIR. Each point in Fig.(5.3b)
corresponds to the average of the first three FIR induced resistance changes
immediately after the LED was turned off.

The two graphs shown in Fig.(5.3) are qualitatively very similar even though
they were compiled from quite different circumstances. The points in Fig.(5.3b)
have a smaller resistance change, AR, than the corresponding points in Fig.(5.3a).
This is because after the LED is turned off each successive FIR induced AR is smaller
than the preceding one so the average of 3 successive pulses results in a AR smaller
than that measured while the LED is on as in Fig.(5.3a).

For powers below 78kW/cm? (35% of full power or electric fields below
4.0kV/cm) the power dependence of AR is linear. The lines drawn in Fig.(5.3) have
a slope of one and are not fit to the data but are only drawn in to guide the eye. This
is different from the power dependence of FIR induced AR’s observed in an

Alp3Gag 7As:Si epilayer (see Fig.(3.15)).
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Fig.(5.3) Power dependence of the FIR induced channel resistance changes
inan Al,,Ga,,As/GaAs heterostructure. The data in (a) were taken with the
LED on and the datain (b) correspond to the first 3 FIR effects immediately
after the LED is tumed off. The TEA laser was operated at 29.5cm! with
an average total pulse energy of 3.3mJ. The sample temperature was 8.0K.
The line drawn has a slope of one,
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Threshold electric field for real-space transfer

The jump discontinuity seenin the data of Fig.(5.3) corresponds to anelectric
field between 4.0kV/cm and 4.7k V/cm (There is probably about a 30% error in the
electric field estimates.). The corresponding AR’s for electric fields above 4.7kV/
cm are on the order of 10k{2 and for electric fields below 4.0k V/cm are on the order
of 100€2. It is interesting to note that the threshold electric field for real-space
transfer in AlxGa).xAs/GaAs heterostructures is about 3.0 to 3.5kV/cm at DC
electric fields [5.4] and 3.5kV/cm at 35GHz electric fields [4.12]. It then seems
plausible that the jump discontinuity seenin Fig.(5.3) corresponds to a large fraction
of electrons transferred out of the GaAs (2DEG interface) to the Alp 3Gag 7As region
for electric fields above about 4.0kV/cm.

To achieve a AR = 10k with the FIR, requires that about 98% of the
electronsinthe 2DEG (liGaAs = 320,000cm?/Vs) be transferred to the Alg 3Gag 7As:Si
(LAIGaAs = 100 to 500 cm?2/Vs) region with the resistance of the epilayer at about
415Q before the FIR pulse. Toachieve a AR = 100Q2 with the FIR, requires that about
20% of the electrons be transferred from the GaAs to the Alg3Gag.7As:Si region.
The data of Fig.(5.3) seem to imply that the intense FIR is inducing real-space
transfer of electrons from the GaAs to the Alg3Gag7As:Si region of a 2DEG
heterostructure. It is interesting to note that Monte Carlo simulations of real-space
transfer in AlxGaj.xAs heterostructures predict that 60% of the electrons can be
transferred out of a 2DEG for DC electric fields above 4kV/cm [see Fig.(3) of
Ref.(5.8)] with electron transfer starting at electric fields around 2kV/cm.

The increasing and decreasing of AR in Fig.(5.2a) after the first FIR pulse

with the LED turned off seems to be either from electron capture and emission of
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electrons onto and from DX centers in the Alg3Gag 7As:Si region or from a small

amount of electron transfer back and forth between the Alg 3Gag 7As:Si and GaAs.
It is difficult to quantify this any further since only resistance measurements were
done for the quantum wells and 2DEG.

To resolve which of the above two models produce the increases and
decreases in AR, measurements of both the electron concentration in the GaAs, ng,
and the electron concentration in the Aly3Gap 7As, ng, would be needed. This in
principle can be done since Shubnikov de Haas oscillations measure ng [5.10] and
a Hall measurement gives ny = ng + ng, the total electron concentration in the two
layers. Then ng can be calculated since ng = ny - ng. This is a purposed future
experiment (see Chapter 7 for a discussion of future measurements).

The data presented in Chapter 3 (see Fig.(3.8)) on FIR induced AR’s in an
Alp3Gag 7As:Si epilayer show that the AR’s tend to asymptote to some value of the
epilayer resistance, Ry, and do not exhibit the large continued increasing and
decreasing as shown in Fig.(5.2a) of this chapter. This would seem to suggest that
the increasing and decreasing AR’s seen in Fig.(5.2a) are from the transfer of a small
amount of charge back and forth between the low-mobility Alg 3Gag 7As:Siregion
and the high-mobility GaAs region.

FIR induced AR’s as seen in the 2DEG discussed above were also seenin a
half parabolic quantum well made by digital alloying Aluminum in an AlyGa)_xAs/
GaAs quantum well (see Chapter 2, §A and §B for sample description). Increases
and decreasesin AR athigh power were observed in the half parabolic well. A similar
threshold was observed for the large increases and decreases in AR as was observed

for the 2DEG.



178
The 10 half parabolic well sample never exhibited the large increases and

decreases in AR as did the 2DEG (Fig.(5.2a)) and the single half parabolic well
samples. Presumably the electrons were transferred from one well to the other and
the case of fully ionizing all wells was neverrealized. Thatis, never did all 10 wells

become sufficiently (98%) ionized in order to observe large AR = 10KQ.

§E Resistance changes of an Alg3Gag7As:Si epilayer with an
unintentional 2DEG populated

Introduction

Because of the complications in interpreting the resistance data of the
quantum wells, we decided to study the resistance changesin an Alp 3Gag.7As:Si, 2um
thick, epilayer. The FIR induce resistance changes of an Alp.3Gag 7As:Si epilayer
was presented in Chapter 3. Before that sample was studied, much time was spent
studying an Alg 3Gag 7As:Si epilayer with an unintentional 2DEG populated at the
substrate interface. In this section, data are presented on that sample. It is not the
intention of this section to draw any conclusions from these data but only to see how
it compares with the data corresponding to a 2DEG heterostructure and an

Alp3Gagp 7As:Si epilayer without an unintentional 2DEG populated.

Data from an unintentionally populated 2DEG
Shown in Fig.(5.4), are resistance changes, increasing and decreasing,
induced by intense FIR from the TEA laser operating at 29.5cm-! with an average

total pulse energy of 4mJ. The electric field vector of the FIR was coupled paraliel
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Fig.(5.4) Resistance changes induced by intense FIR in an Al, ,Ga, ,As:Si,
2um thick, epilayer with the population of an unintentional 2DEG of the
substrate interface at two different TEA laser powers. The TEA laser was
operated at 29.5cm™! with a total average pulse energy of 4mJ. The data in
(a) were taken at full TEA laser field intensity within the sample of 690k W/
cm? and in (b) were taken at 11% of full field intensity within the sample
or 76kW/cm?,

to the plane of the sample using a cold finger cryostat at 12K. This gives a field
intensity of 690kW/cm? within the sample assuming a spot size of 3mm diameter,
areflection of 32% of the free field intensity, and a 90% transmission of the free field

intensity through the polypropylene windows of the cryostat. With these data, the
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pulse energy of 4mJ. The line drawn has a slope of one.

IR LED flash occurs before any FIR pulses as was the case for the data presented in
Chapter 3. The main point about these datais that the FIR induced resistance changes
have AR = 10kQ. This is similar to the resistance changes observed in conjunction
with real-space electron transfer in a 2DEG heterostructure. This implies it is likely
that the FIR is transferring electrons back and forth between the Alp 3Gag 7As:Si

epilayer and the unintentional 2DEG.

Power dependence of the FIR induced changes
The power dependence of the increases and decreases in AR is shown in

Fig.(5.5). The increasing or decreasing AR was the average of all FIR induced
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changes, increasing or decreasing, observed at a given TEA laser power. The line

drawn in Fig.(5.5) has a slope of one and is not fit to the data but just drawn to guide
the eye. Itis interesting to note that the increases and decreases of AR is seen for the
entire power range of Fig.(5.5). That is, a threshold for large resistance changes is
not seen as in Fig.(5.2). This might be because the mobility of the unintentional
2DEG is probably only on the order of 10,000cm?2/V's as opposed to 320,000cm?2/V's
for the sample used to collect the data in Fig.(5.2) (see Chapter 2, §B for a discussion
of sample parameters). With such a low mobility for the 2DEG, the sample
resistance can never get down to around 400€2 as was the case for the 2DEG with the
mobility of 320,000cm?/Vs. The increases and decreases observed for all powers in
Fig.(5.5) could still be the result of ionizing electrons from DX centers or capturing
electrons by DX centers of the Alg 3Gag 7As:Si epilayer.

Thelinear powerdependence of the FIR induced AR's of Fig.(5.5) is different
from the nonlinear power dependence observed in Fig.(3.15). The sample studied
for the data presented in Fig.(3.15) was an Alg3Gap7As:Si epilayer with a 2um
undoped Alp 3Gag 7As buffer layer which prevented the population of the unintentional
2DEG. 1t is possible that the linear dependence at low powers in Fig.(5.3) and all
powers in Fig.(5.5) is a signature of real-space transfer where as the nonlinear
dependence on powerinFig.(3.15) is a signature of FIR induced capture of electrons

by DX centers.
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Fig.(5.6) Resistance changes induced by FIR from the free-electron laser
operating at 50cm! with a total average pulse energy of 13.2mJ in 12usec
(1.1kW or a free field intensity of 3.9kW/cm? with the beam focused to
3mm spot size). The sample was an Aly,Ga,,As:Si epilayer with the
population of an unintentional 2DEG at the substrate interface.

FIR induced changes from the free-electron laser (FEL)

The resistance changes shown in Fig.(5.6) are induced by FIR from the free-
electronlaser operating at S0cm! witha total pulse energy of 13.2mJ in 12psec (1. 1kW
ora free field intensity of 3.9k W/cm? with the beam focused toa 3mm spotsize). The
main point to be drawn from Fig.(5.6) is that AR = 1002 and the AR are always
increasing. The field intensity within the sample, S, for the FEL data was about
2.7kW/cm? and S for the TEA laser data was about 290kW/cm?2. So it could be that
the FEL field intensity was too low to see the decreases in AR. With the TEA laser
attenuated to approximately the power of the FEL, not as many decreasing as

increasing AR’s were observed, although the AR’s were close to the noise levels.
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The large negative going non-persistentresistance transients seen in Fig.(5.6)
might result from a frequency of 50cm-! used for the FEL measurements as opposed
t0 29.5cm-! for the TEA laser measurements. The negative going transients could
be a signature of ionization of the shallow Si donors in the Alg 3Gag 7As:Si epilayer.
Negative transients are observed in the TEA laser data of Fig.(5.4) but are quite
small. The negative resistance transients atthe 43.3cm-1 TEA laser line are somewhat
larger than the 29.5cm-1 transients but are still not as large as the 50cm! transients.
The shallow silicon donor in Alg 3Gag 7As:Si has a binding energy of around 8meV
which corresponds to about 65cm-1. In GaAs the shallow donor has a binding energy
of 5.6meV which corresponds to 45cm-1 (see Chapter 6, §E for a discussion of the

photovoltages arising from the negative going resistance transients).
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Chapter 6

Photovoltaic Responses of AlyGaj_xAs/GaAs
Semiconductors to Intense FIR.

§ A Introduction

The initial experiment undertaken for this thesis project was to study the
conductivity of a quantum well while illuminated by intense FIR from the FEL. The
hope was that the intense FIR would ionize electrons from the quantum well and
hence decrease the conductivity of the sample. These photoconductivity
measurements were complicated by photovoltages associated with the sample
contacts. This chapter discusses these photovoltages and some believed to be
associated with the electrons in the quantum well.

Transient photovoltaic response to intense FIR illumination are reported in
a wide variety of Al,Gaj.xAs and GaAs samples with various contact and gate
geometries. The photovoltages are observed at all temperatures from 4K to 300K.
The photovoltaic responses can be quite varied. They have been observed to be
positive, negative, and bipolar (i.e. changing from positive to negative) within the

duration of the FIR pulse. Some photovoltaic responses are very fast and follow the
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FIR pulse while others exhibit long decay times on the order of a 100usec (The FIR

pulse is typically on the order of 1usec long.). Photovoltages from the FIR produced
by the FEL have been observed to be as large as 30 to 40mV while some
photovoltages from the FIR of the TEA laser have been seen to be on the order of 10
volts.

The photovoltages reported in this thesis were not the first observation of
photovoltages from AlyGaj.xAs/GaAs heterostructures underillumination of intense
FIR using the U.C.S.B. FEL. The Ph.D. thesis of Jann Kaminsky [6.1a] and [6.1b]
reports the observation of photovoltages from Al,Gaj.xAs/GaAs heterostructures
with gratings or periodic surface structures at a sample temperature of 4.2K. The
discussion in Ref.(6.1a) of the origin of the photovoltaic signals is in terms of
changes in 2DEG electron concentration (equivalently changes in the chemical
potential of the 2DEG electrons). The discussion in this chapter will differ from
Ref.(6.1a) in that most of the signals reported here are believed to be associated with
the Schottky barriers of the contacts. In addition, the photovoltaic signals are
observed at all temperatures from 4K to 300K. Some of the photovoltaic data
presented are correlated with the temperature dependence of the channel electron
mobility in a 2DEG Alg 3Gag 7As/GaAs heterostructure. The photovoltaic signals
that are believed to be artifacts of the contacts were observed from: Alg3Gag 7As/
GaAs heterostructures or quantum wells, bulk n*-type GaAs, and semi-insulating
GaAs.

The photovoltaic data can be summarized as wild. The photovoltages
reported in this thesis are not understood. This chapter has been included in order

to document some of what has been observed and to give future researchers a place



189

to look when faced with mysterious photovoltaic data. It will also try to provide
information on how one might avoid photovoltaic signals and on when they might
occur.

No theoretical model is presented for the photovoltaic effects reported in this
chapter. Some possible explanations will be presented and references cited so as to
give the reader a place to look within the literature for further study. A discussion
of the semiconductor-metal contact will be presented which will introduce the
Schottky barrier and how such a contact can lead to “rectification of the FIR”. The
thermoelectric effect (or Seebeck voltage) of hot electrons will be discussed and
given as a possible mechanism for the negative photovoltages observed.

The data discussed so far (Chapters 3, 4, and 5) has not been concerned with
transient photovoltages since the effects discussed within those chapters have been
persistent or having relaxation times on the order of 0.1 to 1.0 seconds or longer. The
photovoltaic transients are typically a few microseconds long with some as long as
100 microseconds. These photovoltaic transient times are much shorter than any
relaxation times observed in resistance or photo-Hall data so they were neglected in

the analysis of that data.

§B The metal-semiconductor contact

Since many of the photovoltages observed seem to be associated with metal
contacts to semiconductor surfaces, a discussion of the metal-semiconductor contact
is presented here. It is important to realize that all contacts whether they are ohmic

or Schottky have a Schottky barrier (see below) associated with them. The width of
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this barrier determines the contact type. If the barrier is sufficiently thin, electrons
can easily tunnel through it and the contact will be ohmic.

The Schottky barrier formed at a metal-semiconductor interface is shown in
Fig.(6.1a). For a good review of Schottky barriers and the theory and application of
metal-semiconductor rectifiers see Rideout [6.2].

The conduction band curvature near the surface of the semiconductor is from
the uniform distribution of positive charge resulting from charge depletion of this
layer. As shown in Fig.(6.1a), the surface depletion length is W. The charge from
the depletion region is transferred to the surface of the semiconductor where the
electrons are trapped (highly localized) by surface states [6.3]. This localizing of
electrons at the surface states pins the Fermi level at the interface (mid gap [6.4]) and
hence fixes the barrier height ®y,. This barrier height, @y, has been observed to be
independent of the metal (the metal work function) at the metal-semiconductor

interface for Si, Ge, GaAs and other highly covalent semiconductors [6.2].

Dependence of surface depletion depth on doping

An important aspect of the modeling of the metal-semiconductorinterface in
Fig.(6.1a) is the fact that the depletion length, W, is smaller for larger charge doping
levels. The barrier acts like a rectifier for doping levels below 1017cm™> where
thermionic emission [6.5] over the barrier is the primary charge transfer mechanism.
Shown in Fig.(6.1b) is a schematic representation of rectification due to thermionic
emission. As the doping concentration is increased, the width of the depletion layer
isdecreased. For doping levels between 1018cm 3 and 101%m3 the barrier becomes

thin enough that thermally excited carriers can tunnel through near the top of the
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Fig(6.1) (a) The Schottky barrier of a metal-semiconductor interface
(Ref.6.2). (b) Rectification due to thermionic emission at a Schottky
barrier (Ref.6.2).

barrier (thermionic field emission). As the doping level is increased above 101%cm-
3 the barrier becomes so thin that a significant number of electrons can tunnel through

at the base of the Schottky barrier [6.6] (field emission tunneling). This is the case
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for an ohmic contact. Note that in Fig.(6.1a) the above three different emission
regimes are indicated by large arrows at the right of the figure. Also keep in mind
that the metastable DX center in GaAs limits the doping concentration in GaAs to
around 101%m-3[6.7] and most of the samples that are n*-GaAs (n* means high n-
type doping) are only doped to around 5to 7 x 10'8cm3[6.7]. So it seems that only
thermionic and thermionic field emission are of importance for that samples studied

in this thesis.

Temperature dependence of the thermionic emission current

As the temperature of the sample decreases there is a large decrease in the
magnitude of the thermionic emission current. The temperature dependence of the
thermionic emission current is given by T2exp(-q®y/kT) when the barrier height is
large compared to kT which is the most common case for metal-semiconductor
contacts (with Ny between 1015 to 101%m3) [6.6]. So the large decrease in the
magnitude of the current with decreasing temperature is primarily due to the
reduction of kT in the exponent rather than the barrier heightincrease. The Schottky
barrier height, @y, for GaAs is around 0.8 to 0.9eV [6.8] and this increases by about
50meV as the temperature is decreased from 300K to 30K.

Electric field effects

There are three electric field effects that lead to an effectively lower barrier
height @y, [6.2]. One of the effects is that of an image charge in the metal. A carrier
in the semiconductor will induce animage charge of opposite sign in the metal. The

image charge produces an attractive force on the carrier in the semiconductor. The
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attractive force reduces the electric field and hence lowers the barrier height. The
second effect is due to the presence of a charge dipole at the metal-semiconductor
interface. The dipole causes the electrons from the metal to penetrate into the
semiconductor. Italso causes the electric field from the semiconductorto extend into
the metal. The result is that the barrier height is lowered in proportion to the electric
field [6.2]. A third predicted effect is appreciable tunneling can occur for electric

fields in excess of 9kV/cm for n-type Au-GaAs Schottky barriers [6.9].

§C Thermoelectric effect of hot electrons

The Seebeck or thermoelectric voltage arises from a spatial variation of the
electron distribution due to a gradient in lattice temperature [6.10]. Spatial variation
of the electron distribution due to a gradient in the electric field has also given rise
to a voltage [6.11]. This voltage is sometimes called the “thermoelectric voltage of
hot electrons™ because of the analogy with the Seebeck effect. This thermoelectric
voltage has also been observed by using microwave (2.85 GHz) radiation to heat the

electrons (6.12].

Homogeneous material

Conwell and Zucker [6.12] show that within a homogeneous material the
thermoelectric voltage is zero since the temperature rise and fall take place within
the same homogeneous material. What happens is that the field in two different
regions cancel each other. This cancellation need not take place when one of the

regions is inhomogeneous.
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Inhomogeneous material

A typical inhomogeneous region is that of a metal-semiconductor contact as
discussed in §B. In a semiconductor system like silicon where a p-n junction can be
fabricated within the bulk material and an ohmic contact fabricated on the surface,
the contributions to an observed voltage can be separated into that produced by
rectification at the p-n junction and that produced by the thermoelectric effect. The
reason this can be done is because rectification by the p-n junction involves minority
carrier current and the hot electron thermoelectric effect involves majority carrier
current so the two effects will have opposite sign. Such behavior has been observed
by Harrison and Zucker [13] in p-type Ge and n-type epitaxial Si. Hot electron
thermoelectric voltages have been observed from ohmic contacts with rectification

from the contact being ruled out since it gives a contribution of the opposite sign.

Thermoelectric power

The thermoelectric voltage is usually modeled in terms of the thermoelectric
power of the hot electrons [6.14]. If an electron temperature difference dT, causes
avoltage difference dV, then the thermoelectric power of the hot electrons is defined
as P = dV/dTe. So the thermoelectric voltage is obtained by integrating the
thermoelectric power P with respect to the temperature. The thermopower for
metals and semiconductors are typically in the range of P = 11V/deg for a metal and
P = ImV/deg for a semiconductor. For a n-type (lightly doped) semiconductor the
sign of the thermoelectric voltage (V) is negative and for a p-type (lightly doped)

semiconductor Vy is positive. Room temperature hot electron thermoelectric
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voltages have been observed in the range of ImV to 1000mYV in semiconductor
systems [6.14]. (An interesting aside is that a measurement of the thermoelectric
power of hot carriers can provide a measurement of the energy relaxation time of the
hot carriers in semiconductor systems [6.14].)

The ordinary thermoelectric effect gives a thermoelectric power that varies
inversely to the carrier concentration [6.10]. Then, by analogy, the hot electron
thermoelectric effect is smaller in a material with a substantial portion of the change
from hot electrons to thermally distributed electrons (the metal contact) taking place
in a portion of the material with high carrier concentration. Which means that a
temperature gradient in such a material would result in a much smaller voltage than

a similar gradient in a lightly doped (small carrier concentration) material.

§D Photovoltaic response of Al,Gaj;_,As/GaAs quantum wells and
n*-GaAs to intense FIR

Photovoltaic signal from a half parabolic well

A typical photovoltage observed from a half-parabolic quantum well at room
temperature illuminated by intense FIR from the free-electron laser (FEL) is shown
in Fig.(6.3). The contact geometry that was used is shown in Fig.(6.2a). The
photovoltage was measured between the two contacts shown in Fig.(6.2a). The FIR
was focused onto the edge of the sample. The sample was about 8mm square. With
the FEL focused to a 3mm diameter spot ( spot size of 3mm), it was difficult not to
illuminate the contacts. It was not uncommon to see the photovoltaic signal change

sign within the time of the FIR pulse as shown in Fig.(6.3b). The photovoltaic
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Fig.(6.2) Different contact geometries from which photovoltaic signals
were observed from intense FIR. In (a), the FIR was focused onto the face
and edge of the part of the sample with the mesa. In (b) and (c), the FIR was
focused onto the 45° lapped edge of the sample
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Fig.(6.3) A typical photovoltaic response t0 a pulse of intense FIR. The
FIR photon pulse is shown in (a) and the response to the FIR is shown in
(b). The sample was an Al,Ga, ,As/GaAs half parabolic quantum well. The
free-electronlaser (FEL) was operated at 50cm with a peak power between
3 to 5 kW/cm? (spot size of 3mm diameter). The sample temperature was
300K.

response was commonly seen to be fast enough to follow the FIR photon pulse rise
time. Thedecay of the photovoltage signal wasbetween 1usec and 100psecdepending
on the temperature of the sample and impedance the photovoltage was driving. The
decay time and pulse shape was seen to change with temperature. Whenever the

sample was loaded with a small parallel resistor (small with respect to the input
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impedance of 1IMQ of the digitizing oscilloscope used to measure the photovoltaic

response), say around 10k€, the decay was seen to be nolongerthan 1 psec (see Chapter
2, §F, for a discussion of the electronics used to measure the photovoltaic response).
So the decay time depends on the impedance the signal drives. The photovoltaic
pulse shape also changed with position of the FIR with respect to the sample’s

contact geometry.

Photovoltaic signal from an n* GaAs substrate

Such peculiar behavior suggested that a control sample with ohmic contacts
to an n*-GaAs substrate be studied to see if it would show any photovoltaic
responses. A collection of typical photovoltaic responses observed from the n*-GaAs
substrate is shown in Fig.(6.4). The contact geometry that was used is that shown
in Fig.(6.2a) but without a mesa etched on the surface of the sample. The different
shapes of the photovoltaic responses in Fig.(6.4) correspond to different positions of
the FIR with respect to a given ohmic contact.

With these data from an n* ohmiccontact, it was difficult toconclude whether
or not the signals observed from the half-parabolic quantum well were from the
contacts or the electrons in the well. Most likely, many of the photovoltages
observed were artifacts of the ohmic or Schottky contacts. Schottky contacts were
observed to yield much larger photovoltaic signals than the ohmic contacts.

The photovoltaic responses from ohmic contacts might be from the
thermoelectric hot electron effect but the changes in sign of the photovoltage can not
be understood within this model. The thermoelectric effect for n-type dopants

predicts a negative thermoelectric voltage on the order of 1mV or larger [6.14].
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Fig.(6.4) Photovoltaic responses from a highly doped n*-GaAs substrate.
The FIR beam is moved from the source contactin (b) and towards the drain
contactin{c)to (¢). The electron concentrationis around 10*®cm-3. The FEL
was operated at 50cm! with peak powers between 3 to SkW/cm?, The sample
temperature was 300K.
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Rectification at the Schottky barrier should also produce a negative signal since it

involves thermionic emission of majority carrier current (electrons for a n-type
doped semiconductor). This rules out the possibility that the positive signal is
produced by thermionic emission over a Schottky barrier. In conclusion, the positive
signal is not understood. The most important information known about it is that it

is very dependent on the position of the focused FIR spot.

Photovoltaic signal from a heterostructure (2DEG)

Even with the contacts exhibiting such complex photovoltages a correlation
of the photovoltaic response with channel electron mobilities of a 2DEG
heterostructure, was observed, as a function of temperature as shown in Fig.(6.5).
The contact geometry used for the measurement of the data presented in Fig.(6.5) is
shown in Fig.(6.2b). The photovoltaic response was measured between the gate and
drain. The drain was grounded to the dewar. The FIR was coupled at normal
incidence to the 45° lapped edge of the sample. The FIR was positioned just above
the top edge of the gate. This position corresponded to the largest photovoltaic signal
observed while scanning the FIR beam up and down the edge of the sample. Asthe
sample cooled, the FIR beam was moved in response to the contraction of the sample
and cold finger of the cryostat. Most of the contraction takes place from 77K to
300K. The contraction observed was about 1.8 to 2.0mm. The mobility was scaled
to the photovoltage at 80K. The mobility measurements were done by Mani
Sundaram of the materials science department at U.C.S.B. A separate cryostat with
a permanent magnet and computer data acquisition system was used for the Hall

mobility measurements. A portion of the wafer that the sample, used for the



201

35 LI | ] LB l 1T 1T v 71 I L L} I LI BN B | l LI L AL I L L L] l T T F ] fl-
- [ -
T oo ® Photovoltage (mV) 7
L e e O Mobility (A.U.) J
~~ - o
S . -
g [ ° ;
g o [ ] h
[ 25— [ 4 -
%0 [ i
N ° :
=] 201 ® . ]
o | ° -
= [ )
= [ o :
15— ° -1
C eo

10 ‘-1 TR TR N EEN PR e .1_| T E PRI O A

20 40 60 80

Temperature (K)

Fig.(6.5) Correlation of the photovoltaic response to channel mobility in

an Al,,Ga,;As/GaAs heterostructure (2DEG) as a function of temperature.

The FEL was operated at 50cm-! with peak powers between 3to 5 kW/cm?2,

The mobility was normalized to the photovoltage at 80K.
collection of data shown in Fig.(6.5), came from was fabricated with a van der Pauw
geometry [6.16] for the mobility measurements.

Shown in Fig.(6.6a) is a plot of the photovoltaic response versus FIR beam
position along the edge of a 2DEG sample different from that studied in Fig.(6.5).
The photovoltaic response was measured between the gate and drain. The top of the
gate corresponds to about 23mm micrometer position in Fig.(6.6a). The micrometer
positions for the middle of the ohmic contacts were about 24mm for the source and
about 20mm for the drain. The sample was about 6mm square. A problem with the
contact geometry shown in Fig.(6.2b) is that the edges of the contacts correspond to

the largest photovoltaic responses. This suggest that the edges of the contacts tend

to enhance the electric field of the laser radiation in some uncontrollable fashion.



202

:l L L I LB l LB BB § I LEL LIS 11 LELILJ l LILER BLJ ' L B LR I LR IR L I TTT ey
0_—0 0000000000 & 2 QD 00 0000 —
S mmz,ﬂf’m ]
- — o o] -
5 10} .
O [ N
&0 - .
8 20 o -]
c>> C ° ]
o) C ]
2 30 —
£ C -
m o -
40 ° -
INTRI YN SN IR ST ST TI S AT BN NS S AN FNT N
18 20 22 24 26
(a) Micrometer Position (mm)
50 L} l L] Li T LS l ¥ L4 L L] ' ) L L] l L] L] 1§ L]
40}~ O Photovoltage (mV) -
N ® Photovoltage (mV)
= 30 [ P Channel Depleted -
N’
S 20 * -
5 0%
p— %o
g 10~ (o] oo ® I
o
° L &P -
";E 0 o;ooooooogo;oo sBoo000 o
-10 - o c,oo -
o
_20 I '] 1 L '] I L 'l H —r l L L 1 ) | I 1 i 1 L
15 20 25 30 35
(b) Micrometer Position (mm)

Fig.(6.6) (a) The positional dependence of the photovoltaic response for
the contact geometry shown in Fig.(6.2b). The sample temperature was
300K. (b) The positional dependence of the photovoltaic response for the
contact geometry shown in Fig.(6.2c). Sample temperature was 10K. For
both (a) and (b) the FEL was operated at 50cm! with peak powers between
3to 5kW/cm?,
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The contact geometry shown in Fig.(6.2c) is an example of an attempt to
eliminate the contact edge effect described above. In this geometry, the ohmic
contacts are removed to the back of the wafer by means of a mesa etch. The ohmic
contact tabs were 1.0mm wide and 4.0mm from the sample edge where the FIR was
coupled. The gate extended over the entire mesa including the sample's edge. With
this geometry, there are not any ohmic/Schottky contact interfaces where the FIR is
coupled to the sample as in Fig.(6.2b). The only two edges where the FIR is coupled
are the top and bottom ends of the etched mesa. The gate serves two purposes: one
is to provide enhancement of the electric field parallel to the growth direction [6.17]
and the other is to enable the channel to be depleted with a negative gate bias of a few
volts.

The photovoltaic response to intense FIR as the FIR beam is moved up and
down the sample edge of the contact geometry of Fig.(6.2¢) is shown in Fig.(6.6b).
The two bumps, one positive and one negative, shown in Fig.(6.6b) seem to be
correlated with the ends of the mesa. A small photovoltage of around 0.5mV was
observed between the channel and the gate when the beam was centered on the
middle of the gate region. The drain contactin Fig.(6.2c) was grounded to the dewar.
The micrometer position of around 29mm corresponds to the bottom of the sample
(drain end) and the position of around 18mm corresponds to the top of the sample
(the source end). It is interesting to note that the negative photovoltages were
substantially reduced when the channel wasdepleted of electrons by anegative (-3V)
bias on the gate with respect to the channel.

The contact geometry of Fig.(6.2¢) was some what successful in reducing the

variety of signals seen from the contact geometry of Fig.(6.2b). However, the
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Fig(6.7) Photovoltaic response from an Al, ;Ga,,As/GaAs heterostructure
2DEG resolving longitudinal mode beating within the FEL photon pulse.
The FEL reference photon pulse is shown in (a) and the photovoltaic
response is shownin (b). The FEL was operated at 50cm! with peak powers
between 3 to 5 kW/cm?.

contact geometry of Fig.(6.2c) still exhibited some puzzling positive photovoltages
and photovoltages changing sign within the time of the FIR pulse. The most
important advantage of the contact geometry of Fig.(6.2c) over that of Fig.(6.2b) is

that the channel can be entirely depleted (no ungated mesa regions).

Fast photovoltaic responses of Schottky contacts

Some of the samples studied performed well as fast detectors as shown in
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Fig.(6.8) Photovoltaic response from an n*-GaAs substrate resolving the
longitudinal mode beating within the FEL pulse. The FEL photon reference
pulse is shownin (a) and the photovoltaic response is shownin (b). The FEL
was operated at 50cm™ with peak power between 3 to 5 kW/cm?,

Figs.(6.7 and 6.8). In both figures, the 19.4MHz longitudinal mode beating [6.18]
of the FEL was resolved at low temperatures. The sample used for the data shown
in Fig.(6.7) was an Alg 3Gag 7As/GaAs 2DEG heterostructure and that used for the
datainFig.(6.8) was a highly doped n*-GaAs substrate. The photovoltaic responses
were measured between the gate and drain with the contact geometry of Fig.(6.2b).
The ratio of the fast modulation amplitude to the amplitude of the negative
photovoltaic pulse is larger for the 2DEG sample which probably is correlated with
the large electron mobility (more electron heating) in the 2DEG as compared with

electron mobility in a n*-GaAs substrate. The sample used for the data of Fig.(6.8)
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is almost identical to a sample geometry used in commercially available Schottky

diode detectors used for FIR detection at room temperature [6.19]. A major
difference is that the commercial diodes have a much smaller sample area and use
a corner cube coupling scheme for getting the FIR focused onto the Schottky diode.
The mechanism for rectification at a Schottky diode is that of thermionic emission
of electrons over the Schottky barrier as shown in Fig.(6.1b). Commercial Schottky
diodes are operated at room temperature and forward biased to enhance the
rectification. The data shown in Figs.(6.7 and 6.8) are without a forward bias voltage

applied.

Photovoltaic response of a semi-insulating substrate

Photovoltages where also seen from semi-insulating GaAs substrate with a
contact geometry of Fig.(6.2b). Such a photovoltaic response is shown in Fig.(6.9).
The signals seen from semi-insulating GaAs substrates were always very small and
all contacts fabricated to them are Schottky (rectifying) contacts. The two “ohmic”
contacts were AuGe/Ni/Au and annealed as usual to maintain consistency throughout
the different samples studied. The long decay time is characteristic of the large
impedance of the semi-insulating substrate which leads to large intrinsic RC time

constants for the decay of the photovoltage.
§E Photovoltaic response of an Aly 3Gag 7As/2DEG epilayer

The large negative resistance transients discussed in Chapter 5, Fig.(5.6),

correspond to a photovoltaic response of the sample to the intense FIR when the bias
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Fig.(6.9) Photovoltaic response from a semi-insulating GaAs substrate at

17K. The FEL photon reference pulse is shown in (a) and the photovoltaic

response is shownin (b). The FEL was operated at 50cm-! with peak powers

between 3 to SkW/cm?. The sample temperature was 17K.
current wasremoved. The photovoltages observed from the sample were quite large
and regular. They were always the same shape, never changed sign, and were fast
and followed the FEL photon pulse shape. They were seen to follow a square-root
power dependence over three orders of magnitude as shown in Fig.(6.10). It is
believed that this photovoltage arises from the shallow Si donors of the Alg 3Gag 7As
epilayer (see Chapter 1 §C and §D for a discussion of the bistability of the Si atom).

The square-root power dependence (i.e. the effect is linear in the electric field) is not
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Fig.(6.10) Power dependence of a photovoltaic response observed from an
Al,,Ga,,As:Si epilayer with an unintentional substrate interface 2DEG
populated. The FEL was being cavity dumped at 50cm! with peak power
of 32kW/cm?,

understood. F. Keilmann [6.20] has observed a similar power dependence in the FIR

in GaAs semiconductor samples.

§F Very large photovoltages from intense FIR of the TEA laser

Very large, on the order of 10 volts, photovoltaic signals were seen from an
Al 3Gag 7As/GaAs heterostructure (2DEG) and 10 half parabolic quantum well
using intense FIR from the TEA laser. At low temperatures (8K), signals of 1 to 2
volts were very common with the largest observed being about 40 volts. At room
temperature the signals were on the order of 100meV. The low temperature studies

were done using the strip-line horn geometry [2.14] mounted in a continuous flow
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cryostat to couple the FIR parallel to the growth direction of the sample (see Chapter
2, §D for a discussion of the cryostat used.). The room temperature studies had the
sample mounted on the copper sample holder which was bolted onto rotation and
translation stages. The sample was in the atmospheric environment of the lab.
Having the sample at atmospheric pressure is a bad practice since the large electric
field of the TEA laser can break down the air at the sample which produces an arc

that can damage the sample.
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cavity of the FEL. The lowest such frequency is the case with only a half
wavelength difference between modes. This giVes Vpeuing = Va1 - Vo= (n+1)c/
2L - nc/2L =c/2L, where c is the speed of light and L is the length of the FEL
cavity. For the undulator used in the measurements reported in Figs.(7 & 8)
the cavity length was 7.74 meters (including the cavity dump extension).
This gives Ny, = 19.4MHz.
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Chapter 7

Conclusions and Future Experiments

§A Introduction

This chapteris divided into three sections. The first section summarizes what
is understood about the effect of intense FIR perturbations on electron transport in
GaAs/AlxGa)-xAs quantum wells and AlxGa).xAs:Si epilayers. The second section
discusses the necessary conditions for observing the effect of intense FIR in GaAs/
AlxGal-xAs semiconductor systems. The third section discusses future experiments
that would help in understanding the FIR effect observed in these semiconductor

systems.

§B Conclusions drawn from measurements presented in this thesis

A question asked early on in the measurements of intense FIR perturbations

on electron transport in a 2DEG and quantum well (see Chapter 5, §C Figs.(5.1 and
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5.2)) was: “Where are the electrons going after a pulse of intense FIR?”. The answer
to this question is the primary conclusion of this thesis. The FIR is inducing capture
of electrons by the DX center in the Si doped AlxGaj-xAs layer of a heterostructure,
quantum well, or epilayer. The mechanism for the effect in the AlxGaj.xAs:Si is
believed to be hot electron capture by the DX center (Chapter 4, §B). And the
mechanism for the effect in the heterostructure or quantum well is hot electron real-

space transfer (Chapter 5, §D).

Hot electron capture by DX centers in an Al0.3Ga0.7As:Si epilayer

The evidence for hot electron capture by DX centers in the Si-doped
Alp 3Gap 7As epilayer is presented in chapter 3 §E Fig.(3.8) and chapter 4 §B
Fig.(4.2). In chapter 4, an emission barrier of height, Ey, for the hot electron capture
is deduced from an Arrhenius plot of intense FIR resistance and Hall electron
concentration relaxations. The barrier height, Ep, was found to be 132+12meV and

is believed to be an emission barrier of an intermediate state of the DX center (see

the discussion of Ey, in Chapter 4, §B).

Hot electron real-space transfer in a heterostructure 2DEG

The evidence for FIR induced hot electron real-space transfer in a hetero-
structure and half-parabolic quantum well is not as clear as the FIR induced capture
of electrons by the DX center since the electron concentration was not measured.
The strongest support for the conclusion drawn is from the rough agreement of the
estimated FIR threshold electric field (Chapter 5, §B and §D) with the threshold

electric field reported for transport measurements done at 35GHz and DC in
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Refs.(4.12, 5.4). In §D below, an experiment will be discussed that could provide

stronger support for the conclusion that the FIR is inducing hot electron real-space

transfer in heterostructures and quantum wells.

§C The conditions necessary to observe FIR induced hot electron

effects

Tea laser measurements

The FIR effectdiscussed above is easily seen in an epilayer or heterostructure
with the TEA laser operating at 29.5cm ! and total pulse energy of about 2mJ. The
higher the laser pulse energy the larger the effect of the FIR. With higher electron
mobility in the heterostructure 2DEG or quantum well, the observed channel
resistance changes will be larger (Chapter 5, §C and §E). The frequency dependence
of the effect is not known but preliminary measurements of the epilayer seem to
indicate a larger effect at 29.cm-1 than 43.3cm! (see Chapter 3, §G and Chapter 4,
§D for a discussion of the frequency dependence of the FIR effect in an epilayer).
Frequency dependent effects observed from the TEA laser are very unreliable
because of the large pulse to pulse variations in laser power and pulse time structure
variations for different TEA laser lines. The free-electron laser (FEL) is a much
better laser to use for a frequency dependence study of the FIR effect on electron

transport in epilayers.

Free-electron laser measurements
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The effect is more difficult to observe with the FEL because the peak powers
are about 100 times lower than the TEA laser. The effect has a linear dependence
on pulse length and is readily seen with long, 10 to 20sec, pulses of the FEL. If the
typical 1 to 2usec long FEL pulse is used, the effect could go unnoticed unless care
is taken to try and see it. The effect has been seen with the 31nsec long cavity dump

FEL pulses but was not easily detected.

Dark cooling and IR LED flashes

The size of the FIR effect also depends on the amount of radiation the sample
has been exposed to after dark cooling. The FIR effect is largest with a few IR LED
flashes after dark cooling the sample. If the sample is exposed to too much IR LED
light then the electron carrier concentration becomes too high (above 5x1016cm-3)
and the FIR effectis no longer easily observed. The FIR effect also becomes smaller

after a few consecutive FIR pulses.

§D Future Experiments

Reproducibility of an initial state of a sample

Fundamental to all future electron transport measurements with intense FIR
perturbations is being able to prepare the sample in a reproducible state or initial
condition. The following parameters or procedures determine the state of the
sample: the rate at which the sample was cooled, sample temperature, free electron

concentration, electron mobility, amount of light the sample is exposed to at low
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temperatures (A0>0.8eV), and the number and intensity of FIR pulses the sample is
exposed to.

If the sample is at temperatures below 150K, then an IR LED flash orintense
FIR pulse will change the state of the sample. In order to get the sample back to its
initial condition before the perturbation, it is necessary to heat the sample to a
temperature above 150K and then cool the sample to its initial temperature. This
heating and cooling of the sample is a very time consuming process and is necessary
after each FIR perturbation. The best solution to this problem is to keep the sample
temperature above 150K were all FIR perturbations relax within a few minutes so
a series of FIR exposures can be done in a short period of time. Another solution is
to keep the IR LED on while exposing the sample to intense FIR at low temperatures
(below 100K). In this case, the persistent changes immediately relax back to the state
before the FIR pulse since the sample is being constantly exposed to the IR LED. It
only takes a few seconds for the sample to relax to its initial state with the IR LED
on continuously. This method leads to very fast data collection. The only draw back
is that the initial state of the sample is with an IR LED on (which means a constant
back ground of electron and hole pairs within the sample) and this is highly
unconventional. The conventional technique is to repeatedly warm and cool the
sample. The data in Fig(5.3a) were collected by keeping the IR LED on continually
and it agreed well with the data of Fig.(5.3b) which were complied from continuous

FIR shots after the IR LED was turned off.

Frequency dependence of the FIR effect

One of the more important measurement that has not beendone is determining
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the frequency dependence of the FIR induced hot electron capture by DX centers in
an AlxGaj.xAs:Si epilayer. The frequency dependence of the FIR effect is interest-
ing since it could be related to local vibrational modes (LVM) of the Si atom in an
AlyGaj.xAs lattice. It is not known if the Si atom has any LVM’s below 200cm-!
(See chapter 4 §B).

Photo-Shubnikov de Haas and Photo-Hall measurements of quantum wells and
2DEGs

There are a number of interesting experiments to try with quantum wells or
2DEG heterostructures. One of primary importance is to verify thatintense FIR does
induce hot electron real-space transfer in these systems. The transfer of electrons
from the 2DEG interface or quantum well to the Si-doped AlxGaj.xAs region of the
heterostructure or quantum well needs to be measured. This can be done by
measuring both the electron concentration at the 2DEG interface and the electron
concentration in the AlxGaj.xAs region. The concentration of high mobility elec-
trons in the quantum well or 2DEG, Ng, can be deduced from Shubnikov de Haas
oscillations. A Hall measurement provides a measure of the electron concentration,
Ny, in the entire sample. The AlxGaj.xAs:Si electron concentration, N, can then
be deduced from Ng and Ny since Ny = N - Ns. The effect predicted by intense FIR
induced hot electron real-space transfer is that Ng will decrease with Ny increasing
after an FIR pulse. This measurement is complicated by the FIR inducing electron
capture by the DX center in the Si-doped Al,Gaj.xAs. In this case, the observed
effect might be that both Ng and Nj decrease. In either case, the electron concen-

tration in the 2DEG or quantum well should decrease.
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If the FIR does induce real-space transfer of electrons in 2DEG heterostruc-

tures, it would be interesting to look for the effect in a wide, 2000A to 4000A,
parabolic quantum well. Some preliminary saturation spectroscopy measurements
done by C. L. Felix using the TEA laser seem toindicate a smaller FIR effectin these
parabolic wells. The changes in channel resistance of the parabolic well are not
nearly as large as in the 2DEG sample. The experiment to try would be to measure
electron concentrations, Ny and N as described above, in the parabolic well with FIR

perturbations and compare them with the heterostructure data.

Dependence of the FIR effect on aluminum mole fraction in an AlyGaj.xAs:Si
epilayer

It would be interesting to study the mole fraction dependence of the emission
barrier, Eb, deduced from FIR perturbations of the Hall electron concentration. It is
well known that the emission barrier of the DX center does not depend on aluminum
mole fraction. T. N. Theis et al. [4.6] used this fact to verify that the hot electron
capture they observed was independent of aluminum mole fraction, x, by measuring
the temperature dependence of the emission time constants for different values of x.
They found that the time constants (hence emission barrier) were independent of x.
They were able to observe the emission from a sample with x = 0.14 which
corresponds to a DX center that is resonant with the conduction band states - i.e. a
metastable state of the DX center.

It would be very interesting to see if the FIR effect reported in this thesiscould
induce electron capture for an AlyGaj.xAs:Si epilayer with x<0.22 where the DX

center is a resonant state.
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Knowing the aluminum mole fraction dependence of the emission barrier,
Ep, for the FIR induced electron capture would provide important information about
this FIR induced capture state. It would help in identifying it as an intermediate state

of the DX center.



