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GaAs lower conduction-band minima: Ordering and properties
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Synchrotron-radiation Schottky-barrier electroreflectance spectra from the Ga 3d core levels to the lower sp'
conduction band have shown that the L6 lower conduction-band minima are located 170 ~ 30 meV in energy
below the X~ minima in GaAs. Here, we investigate the implications of this ordering, which is opposite to
that commonly accepted as correct. %'e find that, without exception, the results of previous experiments that
apparently supported the opposite ordering can be reinterpreted within the I 6-L6-X6 model. By performing a
line-shape analysis, we resolve an apparent discrepancy between intraconduction band absorption
measurements of the X6-1, energy separation. By comparing these optical results with other modulation
spectroscopic (sp' valence-conduction-band electroreflectance, high-precision reflectance) data, combining
these with the results of photoemission, transport (high pressure and high temperature), semiconductor alloy,

+
and luminescence measurements, nonlocal pseudopotential calculations, k p theory, the rigid-valence-band
hypothesis, and using the systematics of other tetrahedrally bonded semiconductors with temperature and
pressure, we obtain a set of consistent parameters describing the I, , L6, and X6 lower conduction-band
minima of GaAs. This model resolves the former contradictions in the apparent indirect threshold energy as
determined previously by photoemission, transport, and optical measurements. Previous photoemission data
for cesiated GaAs show clearly after structure reassignment that hot electrons thermalize in the L, minima.
This implies that Gunn oscillator operation in GaAs involves the L6, and not X6, conduction-band minima.
W'e obtain the variation of these minima with composition, x„ in the GaAs, „P„alloy series, and show that the
increase in binding energy of the N isoelectronic trap with increasing As fraction in this series is in qualitative
agreement with the prediction of a two-level model wherein a Koster-Slater isoelectronic trap potential
interacts with the densities of states of both L, and X, . These results have clear implications for the theory of
operation of light-emitting diodes of GaAs and its alloys.

I. INTRODUCTION

The recent observation' of 1.6~ conduction-band
minima. structure at 170+ 30 meV below that of the

X, minima in Ga 3d core-level-sp'-conduction-
band synchrotron- radiation Schottky- barrier elec-
trorefiectance (ER) measurements in the 20-22-
eV spectral range was surprising. In 1960, Ehren-
reich' showed that all existing data could be ex-
plained within experimental error by assuming
that the L6 minima are well above the X, minima
in energy. Since that time, every experiment ex-
cept core-level ER (Ref. 1) had apparently sup-
ported Ehrenreich's now generally accepted hy-
pothesis, although Pitt' noted in 1973 several puz-
zling contradictions in apparent thresholds between
(in particular) optical, "photoemission, "and

transport' ' measurements.
Since GaAs is a technologically important mater-

ial for many reasons, it appeared worthwhile to
reinvestigate the results of the other experiments
to determine whether the 1 6~-L,~6-&6~ ordering
shown by the core-level ER data might not in fact
resolve the contradictions and yield better values
for the parameters describing the lower conduc-
tion-band structure in GaAs. This would provide
a firm basis from which to start new inquiries
into the theory of operation of transferred-elec-
tron' and light-emitting" devices using GaAs and

related mate rials.
%e found without exception that these experi-

ments could be reinterpreted to agree with the
I', -I., -X, ordering of the conduction-band
minima. In fact, the apparent threshold contra-
dictions between the optical" and the photoemis-
sion data can be resolved in no other way. The
parameters obtained for the lower-conduction-
band structure of GaAs and of GaAs, „P„alloys,
and summarized in Tables I and II and Eqs. (16),
are consistent not only with the modulation spec-
troscopic (core-level ER, ' intraeonduction-band
absorption, '' gp' valence-conduction Schottky-
barrier ER, ' and absorption-edge" ")data, but
also with photoemission, "transport (high pres-
sure' and high temperature'), and semiconductor
alloy" and luminescence" "measurements, and
also with nonlocal-pseudopotential band-structure
ealeulations, "'"k p theory, "'"the rigid-band
hypothesis, "and the systematics of other tetra-
hedrally bonded semiconductors with temperature"
and pressure. " %e show that an apparent dis-
crepancy in the determination of the X, -I", ener-
gy separation from intraconduction-band absorption
measurements' ' is due to line-shape interpreta-
tion: a proper line-shape analysis not only pro-
vides a new and reliable value for this separation,
but also demonstrates the square-root nature of the
edge singularity of the conduction band in degen-
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erately doped n-type GaAs. Since each experiment
measures different quantities, the "best-fit" pa-
rameters given in Tables I and II are the result of
a number of unique constraints and are therefore
quite well determined over a wide range of tem-
perature and pressure.

The optical data are analyzed and discussed in
Sec. II. The transport data are treated in Sec. III.
Implications of the new ordering are discussed in
Sec. IV. We show, for example, that the 1",-L, -
X, ordering provides a natural qualitative ex-
planation of the increase of the measured" binding
energy of the N isoelectronic trap with increasing
As concentration in the GaAs, ,P„alloy series,
and shows that the major features of this trap can-
not be explained entirely by assuming a more com-
plex form of the Koster-Slater potential alone,
but that any treatment must also consider the con-
tribution of L6. The combined L-X nature of the
wave function of an electron bound to this trap has
clear implications of luminescence efficiency, ""
binding energy, ""and other properties of deep
centers in GaAs and related materials such as
GaAs, „P„and Ga, „Al„As alloys. The implica-
tions for the description of transferred-electron
devices' and Gunn oscillators, ' forme rly inter-
preted' ' ' exclusively in a I'6-X6 model, are
also obvious, although we shall not investigate
these in detail at this time.

II. OPTICAL EXPERIMENTS: THRESHOLD ENERGIES
AND TEMPERATURE DEPENDENCES

Optical measurements provide highly accurate
data from which to measure threshold energies
and their temperature dependences. We discuss
parameters determined from these data in this
section. The top of the valence band (I'v8) will be
used as the reference energy (E =0) throughout.

For simplicity, we shall not follow the self-con-
sistent approach that we used to obtain these lower-
conduction-band parameters. Rather, we shall
assume initially that all values are correct as
given, and discuss according to each experiment
those which can be determined most accurately.

for this energy gap. Specifically, the expression"
+r =1.519 eV

—(5.405 x10 ' eV/K ')T'/(T+ 204 K) (2)

A. 16 absolute minimum

The I', -I', separation has been measured with
great accuracy by Sell et a$.' '' and by Panish
and Casey. " These data were used by Thurmond"
to determine the coefficients n, P of the Varshni
equation, '4

predicts energies that agree with experiment with
a mean-square deviation of 2.6 meV. The coeffi-
cients are summarized in Table I.

TABLE I. Energies and temperature dependence of
I'6, L6, and X6 conduction-band minima of GaAs rel-
ative to the top (I'8) of the valence band. The Varshni
coefficients Ep H and P are defined by Eq. (1).

E()
{eV) (eVK ')

P
{K)

I c

Lc
6

X6

1.519

1.815

1 981'
2.383 ~

5.405 x 10

6.05X10 4'

4.6 x 10

4.6&&10 4"

204

204 d

204 d

204 d

' Reference 33.
~ From X6~ and core-level Schottky-barrier electro-

reflectance (Ref. 1).
Optical and high-temperature transport; see text.
Postulated to equal I'6 value; see text.

~ Intraconduction absorption (Ref. 5) and line-shape
analysis.

By analogy to GaP (Ref. 41), supported by rigid-band
model (Ref. 23).

& F rom X6 and Schottky-barrier electroreflectance
(Ref. 12).

"Postulated to equal X6 value.

B. X6 relative minima

The X, -I', energy separation can be deter-
mined directly, in principle, from intraconduction-
band absorption measurements in degenerate re-

type material. Balslev' and Onton et al. ' reported
values of 0.43+ 0.015 eV at 80 K and 0.483 x 0.015
eV at 2 K, respectively, for the X, -I', separa-
tion." The (100) symmetry of these higher minima
was positively identified by the polarization de-
pendence of the absorption coefficient under uni-
axial stress. 4 An indirect determination of the

X, -I', separation, and an independent verifica-
tion of the (100) symmetry of these minima, was
obtained by Craford et al."from measurements at
77 K on the lowest (indirect) absorption threshold
of GaAs, „P„alloys for x2 0.5. An unconstrained
extrapolation to g=0 of a best-fit parabola to these
data showed that the X6-I', separation for GaAs
should be about 0.48 eV.

Although the Balslev and Onton et al. results ap-
parently differ, their data for similar impurity
concentrations are virtually identical: the intra-
conduction peaks in a(E) for samples in the (1.2—
1.5}x 10"-cm ' impurity range occur at 510 + 5
meV in both experiments. The data from Onton
et al. ' are shown in Fig. 1. The difference in ab-
sorption thresholds is therefore simply due to a
difference in line-shape interpretations. Balslev'
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FIG. 1. Absorption coefficient (—) and its first en-
ergy derivative (---) of degenerate pl-type GRA8 at 2 K
in the energy range of intraconduction-band absorption
from I'~6 to X~t; (after Ref. 5). Our threshold energy
&xI- is obtained by analysis of these line shapes as
described in the text. ED and hv are the degeneracy
energy of the conduction band and the energy of the
emitted phonon, respectively, which are coincidentally
equal for this particular sample ~

chose the energy at the onset of excess (intraband)
absorption Rs thRt cox'1'e8pondlng to the X
separation, E«, plus that, hv, of an emitted
phonon. Onton et a$.' resolved this edge into Sep-
RI'Rte zero-phonoQ Rnd phonon-emission structures
by wavelength- modulRted transmission measure-
ments, as seen in Fig. I, and assigned the peak
of the phonon-emission structure at 0.483 eV in
da(E)/dE, as indicated by the arrow, to the energy
corresponding to Ex& +hv —ED, vrhere E~ is the
degeneracy level of the I 6~ mini. mum.

The latter interpretation assumes in effect that
the singularity in da(E)/dE occurs between the
Fermi level of the electrons in I, and the lowest
(empty) states of XEc. Since intraconduction-band
absorption in the constant matrix element approx-
lmRtlon ls expx'e88ed Rs R convolutloQ of occUpled
Rnd Unoccupied densltles of stRtes, lt ls Qot cleRI'
that the assignment' of (Er„+IIv —ED) to the peak
111 de(E)/dE 1s COI'1'ec't fol' fi111'te E1I, al'thougll 1't ls
certainly true in the limit that E~ - 0. To investi-
gate this point further, we calculated line shapes
dn/dE from several simple parabolic model den-
sities of states accox ding to the standard expres-
sion

points, respectively, K„=ED is the degeneracy
level of the I', minimum, and k{d is the photon
energy. The effective masses do not affect the
line shape and have been sealed out by a coordi-
nate transformation on k. The expression eras
evaluated and energy diffex'entiated in closed form
for three I'c8 densities of states: n = I [2DM, (two-
dimensional M, ) or step thresholdj, n =2 (3DMO or
slluare-root threshold), and n = 3 ("4D M, " or
energy-linear threshold). In effect, E1 determines
the energy distribution of electrons fx'om 0 to E~
from which the intraband absorption process orig-
inates.

The results of the calculations are shown in Fig.
2. All curves, for both IE and dcI/dE, have been
normalized to yield a peak value of I in dn/dE
Although the different model densities of states
affect n(E) only weakly, it is obvious that dn/dE
is very sensitive to the details of the energy dis-
tribution of the conduction electrons at I . In
particular, the peaks of dcI(E)/dE occur at differ-
ent enex'gies relative to Ex&, ED, RndAp, depend-
ing upon the model assumed. But in no case does
the peak cox'respond to Ex&+pg p -E» Rs wRS Rs-
sumed in Ref. 5.

The 3D Mo exponent, n =2, gives the best quali-
tative agreement to the line shape dn(E)/dE shown
in Fig. 1, obtained for a sample'with ~, =1.2&10'8
cm '. The g =2 exponent is also expected from
physical arguments, since at these carrier con-
centrations the electron-hole Coulomb interaction
is completely screened. " Therefore, ere conclude
that the peak in do(E)/dE at 0.483 eV occurs by
Fig. 2 at (LExr+iI v —0.3ED). Since II v =30+I
meV, ' ' Rnd E~ =30 meV, ' for n, =1 2x10'

I
i

I I I

go {~f--

0
lieu- [Ex - Ep + ha 1

In Eq. (3), kr and k„are the radial wave-vector
components measured from the I'~6 and X, critical

FIG. 2. Calculated absorption coefficient 0. and its
energy derivative d&/dE from Eq. (3) for several model
densities of states as indicated. Arrows indicate peak
values in do'/dE.
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cm ', we find Ex~=0.462+0.005 eV at 2 K. This
energy is in excellent agreement with that for
the onset of phonon-assisted intraband absorytion,
indicated by the arrow in Fig. 1, as predicted by
the theoretical n =2 line shape of Fig. 2. It also
agrees well with the value obtained in Ref. 4 if it
is assumed (in agreement with Ref. 5) that intra-
conduction-band absorption is initiated by a zero-
phonon process, in which case a phonon energy is
not to be subtracted from the apparent threshold.
Thus a proper line-shape interpretation resolves
all discrepancies between the apparently differ-
ent Ex ~ values obtained by intraconduction-band
absorption.

TheX, -I', separation of 1.981+0.006 eV at 2 K
follows directly from the preceeding results. The
temperature dependence of this separation cannot
be measured directly, but can be obtained as fol-
lows. The coefficient P in the Varshni equation
has been shown to be related to the Debye tem-
perature for the fundamental absorption edges of
Si, Ge, GaP, and GaAs. Since the fundamental
absorption edges in Si and GaP are indirect to
conduction-band minima along (100) and at X, ,
respectively, it is clear that a similar relation
should hold in GaAs. Thus we postulate p =204 K
for the X, -I', separation, and similarly, also
for the L, -I', separa, tion on the ba,sis of the same
results for Ge.4o The coefficient o. in Eq. (2) is
more difficult to obtain. We note, however, that
the average variation of the X, -I', gap in the
110-300-K range in GaP is about 80% that of the
I",-I', gap. " Further, the rigid-band postulate
of Auvergne et al. ' when combined with the aver-
age temperature shift of the E,(I', -I', ) gap from 'l'( to
295K(-3.9x10 'eVK ')"andthatoftheE, (X, X„)-
transition(-3. 3&&10 'eVK ')" shows an X, -I',
variation approximately (80-90)% that of I", -I', .
Accordingly, we take the X, -I', coefficient o. to
be 0.85 that of the corresponding I', -I', coeffi-
cient, but the exact value should be regarded a,s
uncertain. Nevertheless, analysis of high-pres-
sure Hall effect and resistivity data, ' to be dis-
cussed in Sec. III, supports these values of n and

P to within experimental uncertainty.

C. L& relative minima

The X, -L, energy separation has been deter-
mined from core-level ER measurements' to be
0.17+0.03 eV at 110 K, from the location of the
"anomalous" structure in the spectrum shown in
Fig. 3. To find the L, -I", separation at 0 K, the
coefficient cy for the L, -p, seyaration must be
determined. Following the Auvergne et al. postu-
late of rigid valence bands" and our measured
energy shift of 115 meV of the E,(f,c-I,", ) tran-
sition from 4 to 295 K from Schottky-barrier

((10)
1.5 x 10 cm —S i

R
17 -3

2
K0
O 0

(111)
4x 10 cm -Te

I L X L X

20 21
E(ev)

22

FIG. 3. Core-level Schottky-barrier electroreflec-
tance spectra of lightly (top) and heavily doped (bottom)
GaAs crystals at 110 K (after Ref. 1). Spectral features
due to critical points between the Ga 3d core levels
and the I'6, I 6, and X6 local conduction-band minima
are indicated.

electroreflectance measurements in the 3-eV
range, "we calculate z =6.5X10 eV K ' for the
L, -I'", separation. But high-temperature trans-
port measurements, ' to be discussed in Sec. III,
indicate that this value is too high. We have
chosen 6.05@10 ' eVK ' as a compromise value
between the two types of experiments, but again
it should be regarded as fairly uncertain. With
& and p~~ at 110 K, the L, -I', energy separa-
tion at 0 K shown in Table I follows directly.

III. OTHER EXPERIMENTS

In this section, we investigate other classes of
experiments to determine whether their results,
previously interpreted as supporting the I -X
model, cannot also be explained by means of the

D. X7 relative minima

The X, minima do not produce observable struc-
ture in Fig. 3 because of matrix element effects.
Balslev' first determined the X, -X, energy sepa-
ration as 0.35+0.05 eV at 80 K from structure in
intraconduction-band absorption spectra. Later
Schottky-barrier ER measurements' gave 0.402
~0.010 eV at 10 K for this quantity. We assume
that the Varshni ~ and P coefficients for the X, -
I'~8 separation are the same as those for the
X, -I', separation, although no confirming mea-
surements are available. At present, this is not
essential since the X, minima apparently do lie
sufficiently far above the X, minima so as not to
aff ect transport proyerti. ss.
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I'-L-X model obtained from the modulation spec-
troscopic data as discussed in Sec. II. We find
not only that these results can be reinterpreted,
but also that photoemission data gives unambiguous
further evidence for the validity of the I'-L-X
model. The transport experiments provide limits
on the allowed ranges of certain parameters of
these conduction-band minima.

A. Photoemission

Photoemission experiments providing informa-
tion about lower-lying conduction-band minima in
GaAs have been performed by James et al. ' and
James and Mall. ' The energy distribution curves
(EDC) obtained at 300 K in the least heavily doped
(1x10"cm ' Zn) sample from the latter work are
shown in Fig. 4. Positions of the optically deter-
mined minima, calculated at 300 K from the data
of Table I, are also indicated.

The peak in the EDC at 1.43 eV, due to photo-
electrons thermalized at I ~6, agrees well with
the optical value of 1.423 eV from Table I. The
data in Table I place the L, and X, minima at
300 K at 1.707 and 1.899 eV, respectively. The
EDC peak at 1.75 eV is therefore unquestionably
below the X, threshold and can arise only from
electrons thermalized at L, It is not possible
to explain the presence of this peak within the
r-X model, in view of the intraconduction ab-
sorption results discussed in Sec. II.

James and Moll' have discussed the energy
separation between the I', and "X," peaks in the
EDC in terms of experimental uncertainties and
the threshold function for photoemission. They
note that the apparent 0.35-eV separation at 300 K
in their best data is greater than the actual sepa-

ration, which may be as low as 0.28 eV but has a
probable best value of 0.33 eV. The optical L, -
I', separation from Table I has a probable best
value of 0.28+0.05 eV at 300 K, and thus overlaps
with the photoemission results. Further proof of
the validity of the reassignment of the photoemis-
sionX, peak to L, follows from the James et al.
observation that the best value of the X, -I', peak
separation increases by 0.03 eV upon cooling from
300 to 80 K. From Table I, the L, -I, separation
increases by 0.010 eV over this range while the

X, -I, separation decreases by 0.013 eV. A more
rapid temperature variation of the E, (Lc6 Lv, )-
transition energy relative to that of Eo(I', -I'v) is
a well-known property of tetrahedrally bonded
semiconductors. " Thus the rigid-band hypothe-
sis" together with the assignment of the 1.75-eV
peak to L, provides a natural explanation of this
otherwise puzzling temperature dependence of the
energy separation measured by photoemission.

No obvious structure appears in the EDC data
near 1.9 eV, the predicted threshold of the X,
minima. This is not surprising, since the X,
structure is likewise not clearly evident from
these spectra. Although it is tempting to assign
the 2.3-eV structure to X„ the variation of its
apparent energy with photon energy suggests that
these structures are due in part to final-state ef-
fects. We note that these results provide direct
evidence that hot electrons in the conduction band
thermalize to L, and not X6, and that Gunn-oscil-
lator operation in GaAs involves the L, , not X, ,
minima.

B. High-temperature Hall effect; mobilities and densities of
states of GaAs conduction-band minima

X
O
0
Z
G.

X0
K
O
LJJ

LC
6 /K

I

c

I L Ll[

X6

I x lO Zn DOPED
GOAs

Cs+(0+ Cs)

[R„(T)-R (500 K)]/R„(500 K), (4)

The most careful high-temperature Hall-effect
measurements on GaAs have been done by Blood, '
using high-purity epitaxial samples where the
substrate material was etched away. The mea-
surements were performed between 600 and 700 K,
where substantial [(10-20)%] electron transfer to
the higher conduction-band minima occurs. The
results, expressed in terms of the Hall coefficient
R~ as

l.5 2.0 2.5
ELECTRON ENERGY (eV)

FIG. 4. Energy distribution curves obtained at 300 K
from heavily doped P-type GaAs (after Ref. 7). The en-
ergies of the I'6, L6, X6, and XY thresholds calcu-
lated from the data in Table I are indicated.

2 2 2+z'P p++I Pl, ++X PxR~= 2e(n, y. r+nz, pz +nx px)
(5)

are shown in Fig. 5. The measured slope of this
curve, 0.38+0.05 eV, is interpreted' as the acti-
vation (X, -I'c6 separation) energy in the Ehren-
reich I -X model.

To investigate the I -L-X interpretation of
these data, we use the Hall coefficient expression
for multiple minima
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have the most rapid temperature dependences and
provide the main contribution to the ayyarent ac-
tivation energy.

For sufficiently low carrier concentrations such
that Boltzmann statistics apply,

where g =I', L, , or X; E& and N~& are the thresh-
old energy and density of states of the g mini-
mum~ and g~ ls the Felmi level. The 1 elative
occuyation is determined from the above yaram-
eters and the charge neutrality equation

i I I I l I ~ i (

700 650
T (x)

600

FIG. 5. Activation energy plot of high-temperature
transport data (after Ref. 9) and from various calcula-
tions within the ~-L -X model (see text).

where n&, n~, and nx are the electron concentra-
tions and p, r, p, ~, and px are the mobilities of the
respective minima.

To evaluate Eq. (4) within the three-level model,
the various quantities and their temperature de-
yendences must be estimated. %e consider first
the carrier concentrations gz, ~~, and g~, which

where g~ is the donor concentration. The thresh-
old energies as a function of temperature are
given by Eq. (2) and the data of Table I.

The density of states has the general form"

,'(2 my'—T/va')'~' (8)

for a simple parabolic band, where the density-
or-states ma.ss,

(m*)'~'=em m'~'
tC

includes both the number of equivalent minima,
pf, and the transverse and longitudinal masses,
pl]g and apl)g, of the local minima.

The isotropic p, mass at 2 K is m, = m, „

TABLE II. Summary of various parameters describing the I 6~, L6~, and Xsc lower con-
duction-band minima of GaAs.

Quantity

N
m f
mf

m*(0 K)
E~

m*(295 K)
m~(650 K)

P
a(295 K)
b(295 K)
c(295 K)

1
0.067m~

0 4

0.067m,
7.51 eV~
0.341 eV g

0.063me
0.056me
7350 cm2V ~sec '~
1.425 eV'
O.O126 ev/kbar ~

-3.77 x 10 eV/kbar "

4
1.9me
O.O754m, '
0.56m~ d

19.3 eV

0.55me
0.52m
920 cm V 'sec ~'

1.710 eV&

0.0055 eV/kbar'
-3.77»0-5 eV/kb»~-

0.85m~
0.85m~
300 cm2V ~ sec ~ '
1.901 eVj

-0.0015 eV/kbar ~

-3.77x10 5 eV/kbar2 ~

Reference 45.
Estimated value, see text.

p theory and Schottky-barrier electroreflectance (Ref. 12).
d Calculated from Eq. (9).
~ Value from Ref. 8.
~ Calculated as described in text.
~ Reference 12.
"Reference 8.
' Best-fit value to high-temperature and high-pressure transport data.
~ From Table I.
"Reference 58.
~ Best-fit value; see also Ref. 25.

Assumed equal to I &~ value.
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=0.067m, .~' The variation of this mass with
temperature and/or pressure can be calculated
from k ~ p theory according to2'

(10)

mg 2=EPL +
Ex+& j. Ej

(11a)

whex e E~~ is an energy related to the momentum
matx'ix element, and 60=0.341 eV is the spin-orbit
splitting, '~ I"~8-I ~7. Prom these data and Table I,
we calculate E~z = 7.51 eV as shown in Table II.
VRlues Of m +I- fol Rny Ex Can be CRlCulRted f

lorn

Eq. (10); those at 295 and 650 K for use with the
high-pressure and high-temperature data are also
listed in Table II.

The masses at I.~e have not been measured di-
rectly, although the transverse mass can be in-
ferred from Schottky-barrier electroreflectance
measurements of the transverse interband re-
duced mass at I., p, tL =0.055m„" together with
the k ~ p expressions

theory, the values of m * at 295 Rnd 650 K, for
use in the analysis of high-pressure and high-
temperature tx ansport data, are calculated as
shown in Table II. No temperature dependence
is assumed for the mass at X, , in view of the
large energy (-5 eV)" of the E, transition in GaAs.
Also, the small variation in m* for I', and L, 6

over the 600-700-K temperature range will be
neglected.

The densities of states for I', , I 6, Rnd X6 could
be calculated dix'ectly from the data of Table II
using the simple parabolic form, Eq. (6). But
Hilsum~' has suggested that I', nonparabolicity
should make the activation energy in high-tem-
perature Hall measurements appear larger than
the true value, because the excess density of
states near I', due to nonparabolicity competes
with the indirect minima for the high-temperature
tail of the electron distribution. In order to in-
vestigate this, we have incorporated nonparaboli-
city into the density of states, ND ~, fox I ~6 by
evaluating the density-of-states integral numeri-
cally, using the expression

1 1
1 +EEL +

mtL E1 Ex++a
(lib) a,'ivy =(7.142xlo ') (I+/I, )'~'(AE/eV)'~'

Here, the interband enex gy separations E, =I., —

I 6 = 3.041 eV and Q~ =L 6 -L ~ ~
= 0.220 eV Rx'e

given by low-temperature Schottky-barrier elee-
tx'ox'eflectance measurements. Prom these dRtR,
we calculate the values shown in Table II.

The longitudinal mass at I., has not been deter-
mined. Band-structure calculations for Qe show

m, L =1.57m, ." This value should be somewhat
smaller than that for GRAs, since the I'~-I ~

separation is slightly less in GaAs (1.23 instead
of 1.51 eV) and therefore the conduction bands,
which closely parallel the valence bands near I.,
are slightly flatter. Scaling the Ge mass upwards
by the enex'gy difference ratio leads to a longi-
tudinal mass value of 1.9m„which is similar to
that (1.7m, ) observed at X, in Gap." The value
m, L = 1.9m, leads to a density-of-states mass of
mL* =0.56m, at 0 K, as given in Table II.

For X„adensity-of-states mass of 0.85m, was
calculated by Pitt and Lees' from their high-pres-
sure Hall-effect and resistivity data. Although
this is derived on the basis of the I -X model and
depends also on the value assumed for the conduc-
tion-band mass at I 6, this value is nevex'theless
in good agreement with that, mx =0.82m„deter-
mined by Onton for GRP. ~7 %e shall assume here
that mx =0.85m, in agreement with Pitt and Lees. '

The temperature dependence of the density-of-
states masses for I'~6 and I., arises from the tem-
perature dependence of the energy gaps, which
affects m, . Using the data of Table I and k p

(12a)

whel e ga 18 the Bohl radius and QE ls R non-
parabolicity parameter where

Er(I „)=Er(0)+As [(1+g'ur/m*, AE)'~'-1]

h kl. h kl-=E (O)+— ' — ' +" (12c)
2m+I- 8m +~ QE

This expression is essentially the conduetion-
band energy in the k ~ p two-band model, but modi-
fied so that the energy variation changes from
quadx'atlc to linear at a wave vector Ko. In units
of Kz» the Brillouin-zone length fxom I"~6 to X~6

K, /K', » = 1//(140'. Z/eV)'~', — (12d)

using parameters for GaAs. Equations (12) reduce
to the usual parabolic-band result in the limit of
large AE. For Gahs, band-structure calcula-
tions"" suggest that K, /K„» =—0.05, in which
case 4E=—0.35 eV. %'e shall use this value to
include nonparabolieity for the density of states
around I 6. Thus the terms pgl y PAL~ Rnd 'Plx ln EQ.
(5) are determined.

In order to estimate the mobilities in Eq. (5)
to investigate the high-temperature transport
data, it is necessary to find their values (or more
precisely their ratios) in the 600-100-K tempera-
ture range. The mobility of carriers in the I',
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and X, minima at room temperature has been
discussed by Pitt Rnd Lees. ' Polar-optical scat-
tering predominates in the I', conduction-band
minimum, "'"leading to a mass dependence p,-m ~ '~' Rnd an observed' temperature dependence
of the ordel Qf p, T ovel" R 300-500-K teDl-
perature range, in good agreement with theory. "0
At Le and X6, intravalley scattering is an addi-
tional mechanism which has been estimated to
dominate the Dloblllty ln the X6 mlnlmR. ' In-
travalley scattering leads to a larger negative
temperature coefficient, "although in GaP the
observed~ value of -1.7 is not significantly differ-
ent from that of I', . Presumably, similar results
should obtain for the temperature dependence of
the mobility at L, as well asX6 in GRAs. We
therefore assume that the mobility ratios at I", ,
L6, and Xe are essentially independent of tem-
perature, and thus keep their room-temperature
ratios in the 600-700-K range. The assumption
for Xe ls Rlmost lrrelevRnt slnc6 only R negllglble
fraction (&I%%uo) of carriers is transferred to these
mlQlmay even Rt 700 K.

The room-temperature conductivity mobility at
l", of high-purity GRAs is of the order of 7000-
8000 cm~ V 'sec '.""Pitt and Lees~ quote a Hall
mobility of p, „=7350 cm2V 'sec ' for the high-
quality crystal 662A, the data from which me
analyze here. The mobility atX6 at 50 kbar mas
found to be p„(50 kbar) =330 cm~V 'sec ' and
mas extrapolated to 375 cm V 'sec ' at atmos-
pheric pressure. The mobility of carriers in the

L, minima cannot be inferred from values for Ge,
since inversion symmetry is absent in GRAs, but
measurements of the I', /I, ce mobility ratio for
GaSb in hydrostatic pressure experiments show
that it is of the order of 7.5. "" The GRSb re-
sults show further that the I', /X, mobility ratio
is approximately 32, in fair agreement with the
value 20 calculated from the Pitt-Lees measure-
ments. ' Mobilities at X, show a considerable
sample-dependent variation that cannot always be
correlated to those at I', (Ref. 8); this is pre-
sumably also true for carriers in the L, minima,
so exact values cannot be assigned.

In view of the above, it is apparent that upper
limits on the mobility atX, and L, should be about
400 cm'V 'sec ' and 1000 cm'V 'sec ', respec-
tively, at room temperature. The values for p.~
and p.x shown in Table II, which differ only slight-
ly from the above estimates, were those that gave
the best fit to both high-temperature and high-
pressure transport data.

From these considerations, Etl. (5) was evalu-
ated numerically for a number of combinations of
parameters. Those having the greatest effect
mere the I;6-L6 separation energy at 650 K, the

p~/p „mobility ratio, the conduction-band non-
parabolicity, and the reference temperature. The
L, -1"6 separation energy at 0 K and the Varshni
parameter a~ could be mutually adjusted to hold
a fixed L, -I 6 separation at 650 K, but this had
only a minor influence on the slope.

The influence of various modifications is shown
in Fig. 5. Surprisingly, none of the adjustments
except varying the reference temperature modi-
fied the apparent slope by more than +0.02 eV from
the best-fit value 0.38 eV, even though the L, -l",
separation energy near 650 K is almost 0.1 eV
less. This was due to partial filling (3%%uo) of the

L, minima at the experimental reference tempera-
ture of 500 K: a recalculation using a reference
temperature of 300 K (0.02% filling) produced a
slope of 0.30 eV, in good agreement with the ac-
tual "best-fit" L, -I'~6 energy separation of 0.28
eV near 650 K. The remaining discrepancy is due
to the influence of the X6 minima at slightly higher
energy. The remaining adjustments merely served
to move the calculated curves up or down in direct
proportion to the may the modification affected the
influence of the L, minima relative to the I'6 re-
gion. Thus halvlllg the mobility ratio p, ~/p, r~ as
seen in Fig. 5, effectively lessens the importance
of I,ca {the minima become more similar) and the
Hall ratio becomes smaller. Similarly, increas-
ing the relative importance of L„by decreasing
the nonparabolicity of I"6 or reducing the L, -I,
separation causes the Hall ratio to increase. We
note that the nonparabolicity of I", had very little
influence on the slope of the theoretical curves.
Eliminating the influence of the X, minima entire-
ly is also seen to have very little effect.

The "best fit" solution of Fig. 5, defined in
terms of overall consistency with respect to all
experiments considered here, differs from that
given by the parameters of Tables I and II and
labeled "Theory " in Fig. 5, in that the L, -I'ce

energy separation is 15 meV more at 650 K than
the value 0.264 eV calculated from Table I. The
difference amounts to a change of 15 meV in the

L6 energy at 0 K, or a change of 0.3x10 ~ eVK '
in the Varshni coefficient n~. We have chosen
the L, energy at 0 K in Table I with greater em-
phasis on the optical and transport data below
300 K, Rnd have chosen z~ as a compromise
between the somewhat larger value suggested by
the optical data and the results of the high-tem-
perature transport experiment. ' The differences
are minor and within experimental uncertainty.

It is clear that the high-temperature transport
datR are coDlpRtlble with the I' -L -X Dlodel

proposed here. These data provide useful infor-
mation on the L~6-I, separation at elevated tem-
peratures, as mell as suggesting limits on the
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mobility ratio gz/p r. The Xc, minima have only

a minor influence on these data.
RH is given in Eq. (5). The corresponding expres-
sion for p is

C. High-pressure transport

The increase of the I', -I"~8 energy gap with
hydrostatic pressure shows a quadratic depen-
dence of the form

Ez=a+bP+cP', (13)

I I

EXPT (P I TT —LE E S )

40 — ————THEORY

20—

'PP- 10—

Go
4 — T=

O 4—
x

2

0 20
P ( kbor)

40 60

FIG. 6. Variation of resistivity and Hall coefficient
with hydrostatic pressure from high-pressure transport
measurements (after Ref. 8) and from various calcula-
tions within the &-L-X model (see text).

where the coefficients g, 5, and c have been mea-
sured accurately by Welber et al." Their values
are shown in Table II. Corresponding measure-
ments have not been made for the L, andX, mini-
ma, although values for other semiconductors for
which these minima can be measured" show linear
coefficients of the order of 0.005 and -0.0015 eV/
kbar for L, and X, , respectively.

The reinterpretation of the high-pressure trans-
port measurements of Pitt and Lees' in terms of
the three-level model proposed here presents no
difficulties because the relative pressure coeffi-
cients and zero-pressure energies are such that
the L, minima move up sufficiently fast with in-
creasing pressure to always lie above either I',
or X, . By contrast to the high-temperature re-
sults, ' therefore, the L, minima are relatively
unimportant compared to X, in high-pressure
work.

A comparison of the experimental' Hall coeffi-
cient and resistivity, p, data to that calculated
theoretically within the three-minima model, us-
ing the parameters given in Tables I and II, is
shown in Fig. 6. The theoretical expression for

The theoretical curves were calculated assuming
15% carrier freezeout in X, , as indicated by the
asymptotic value of the Hall coefficient, ' and as-
suming that the mobility and density of states for
I, varied as m* ' ' and m*', respectively, in
accordance with polar-optic scattering' and
density-of-states theory. " The p. z variation re-
produces the slow increase in p below 25 kbar.
For L, andX, , the effects of changes in mobility
and density of states with pressure are much
smaller and were neglected.

Pitt' and Pitt and Lees' have discussed the in-
teraction of parameters of the two-level model
with respect to their measurements. The dis-
cussion applies essentially unchanged here, be-
cause as seen in Fig. 6 the L, minima have no
observable effect on p and only a minor effect on

RH. The major influence is obtained from the
pressure dependence of the thresholds. Here,
we have assumed the same quadratic pressure
dependence for L, andX, on the basis that the
nonlinearity arises from the effect of the 3d core
levels on the I'", (reference) valence band, "al-
though at these relatively low pressures the effect
of the quadratic term can be reproduced by simply
adding -0.0012 eV/kbar to the linear terms. If
the L, and X, quadratic terms were set equal to
zero, then the best-fit linear pressure coefficients
for L, and X, in Table II would become +0.0043
and -0.0027 eV/bar, respectively. Although
somewhat lower than the accepted values, "there
exists evidence"" that the X, coefficient should
be slightly more negative than the accepted value.
The effect of dropping the quadratic terms for L,
and X, while retaining the best-fit linear coeffi-
cients is also shown in Fig. 6.

The L, minima, nevertheless, influence the
rising part of RH sufficiently so that the best fit
can only be obtained with a lower limit of approxi-
mately 900 cm'V 'sec ' for the L, mobility.
Since the high-temperature results indicated a
8:1 minimum p ~: p, ~ mobility ratio, the two ex-
periments taken together produce a reasonably
definite value for p, ~. It is interesting to note
that the ratio in Table II is almost exactly that
(7.5:1) determined for GaSb." The presence of

L, also requires that the mobility for X, be about
10% less than that obtained' from the I -X model.

In a similar experiment, Harris et al."mea-
sured the behavior of the threshold and the re-
sistivity of GaAs Gunn oscillators under uniaxial
stress. They found essentially no change of re-
sistance with uniaxial stress along (111) up to
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18 kbar, but a dramatic increase in resistance
for [100] stress beginning at 8 kbar. They inter-
preted these results as evidence that the first
indirect minima were located at X, , not L, .

However, the interpretation depends upon the
relative magnitude of the shear deformation po-
tentials of the L, andX, minima, together with
contributions from the hydrostatic term. In gen-
eral, the strain-induced shift of the ith minima is
given by"

AE, =n, 1(h, Tre) 1+8,[e —(-', Tre) 1]}~ n;, (15)

where $, and g, are the hydrostatic and shear
deformation potentials, respectively, e is the
strain tensor, and n,. is the unit vector of the
minimum in the Brillouin zone. Only the hydro-
static term contributes for I', .

The hydrostatic terms for energy shifts of I', ,
L, , andX, relative to I', for auniaxial stress
can be obtained directly from Table II since they
are just —', the corresponding values given in Table
II for hydrostatic stress. The shear deformation
potentials that contribute to energy splittings of
X, and L, for stresses along [100] and [111], re-
spectively, are not known for GaAs. But they can
be estimated from the uniaxial stress and hydro-
static pressure" data shown in Fig. 6 of Ref. 60
by noting that the resistivity versus uniaxial stress
curve closely follows that of the resistivity versus
hydrostatic pressure data of Refs. 8 and 62, ex-
cept that the same increase in resistance was
achieved for uniaxial stress values about —,

' those
for hydrostatic pressure. Thus the shear term
apparently makes a given [100] uniaxial stress
about three times as effective as the same iso-
tropic (hydrostatic) stress with respect to the Xca

minima. Using the known compliance coeffi-
cients" for GaAs, it is straightforward to show
that $2 = 33 eV. This value is surprisingly large,
considering that the equivalent value in Si, ob-
tained from absorption measurements at the in-
direct threshold, is 8.6 eV.' A similar calcu-
lation for LC, based on the lack of anomalous
resistance increase to 18 kbar, shows that @~2

should be less than 14 eV, which is reasonable
in view of the Ge value of 18.7 eV (Ref. 64) for
this quantity.

By using the hydrostatic data to calculate the
X, shear deformation potential, we have essenti-
ally eliminated the distinction between the I--L-
X and the I -X models as applied to this ex-
periment since in both models the increase in re-
sistance is due predominantly to carrier transfer
to X, . Thus instead of proving that the X, minima
are lower in energy than the L, minima, , Harris
et al."showed that the X, shear deformation
potential is apparently exceptionally large. Con-

sequently, their results do not contradict those of
other experiments and are not inconsistent with the
I"-L-X model. In view of the results of Pitt
and Lees' regarding carrier freezeout under hy-
drostatic pressure in a number of GaAs samples,
it is also possible that the anomalous resistance
increase arises from this mechanism and is not
due to a large shear deformation potential. Fur-
ther work is necessary to resolve this point.

IV. DISCUSSION

By defining accurate values for the I', , L, , and

X, minima in GaAs as a function of temperature,
we can calculate accurate values of the energies
of these minima in GaAs, „P„alloys with the aid
of existing measurements of the I', direct edge
variation, "the X6 indirect edge variation" above
the crossover composition (x=0.45), and the L,
indirect edge position in GaP. The latter energy
has not been positively identified, but anomalous
structure in core-level Schottky-barrier electro-
reflectance spectra for" GaP approximately 0.4
eV above the X, threshold in these data suggest
that the L, minima occur 0.4 eV aboveX, in GaP.
Using this value and assuming a bowing param-
eter 90% that of I, , in agreement with data" for
Ga, „Al„Sb alloys, we calculate a functional de-
pendence on x of the I'e, L, , and X, minima for
GaAs, „P„at 77 K of

Er=[1.508+1.366x —0.174x(l-x)] eV,

Ez =[1.802+0.930x —0.16x(l-x)] eV,

E» =[1.971+0.361x —0.202x(1 —x)] eV.

(16a)

(16b)

(16c)

[H, + V(r)] Q(r) =E„P(r),

p( r) =g A (k) C,(k, r),

(17a)

(17b)

These variations are shown in Fig. 7, with experi-
mental data from Ref. 18. Also shown are data for
the N~ and recently identified '

Nz isoelectronic
trap energies. The L, minima are seen to be lo-
cated about 100 meV above I', andX, at the E~-F. ~
crossing.

It is qualitatively evident from Fig. 7 that the
binding energy of the deep state Nx, which is
associated with a deep, local Koster-Slater-type
potential, "must result from an interaction of the
trap potential with the conduction-band densities
of states around both L, and X, . The first-
principles calculation of the binding energy of the
N isoelectronic donor is a difficult problem which
has not yet been solved, ' ' although it can be
formulated rather simply. Following Craford
and Holonyak, "we write in a one-band approxi-
mation
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FIG. 7. Experimental (after Ref. 1S) and theoretical
variation of the I"~&,L 8,X 6, nitrogen isoelectronic
trap energies as a function of phosphorus fraction x
in the GaAs& „P„alloy series.

det

in which case

= —'(E +E ) '[(E E ) +4V ] (19)

where E» and E~ are given by Eqs. (1). V is an
adjustable parameter which may be obtained by
noting that at Ex=8~, then E~ =E~ —V. %'e find
from Fig. 7 that 7=0.18 eV. The model is some-
what oversimplified in that it neglects the increas-
ing strain around the N isoelectronic impurity
with increasing As fraction. This acts to increase
V with increasing As content. " But if we assume
this effect to be minor, the predicted variation of

EN with x is that shown in Fig. 7. The agreement
with experiment" is remarkable, and it demon-
strates conclusively the importance of the L,
wave-function components in the isoelectronic
trap. Since the amplitude of any given wave func-

where IIo is the Hamiltonian of the unperturbed
crystal, V(r) is the Koster-Slater potential, E„
and p(r) are the energy and wave function of an
electron bound to the isoelectronic trap, and A(k)
are coefficients of expansion of P(r) in a Bloch
function basis set C,(k, r). Considering the large
density of states of X, and L, relative to I', and
their relatively large mass, we approximate the
actual Hamiltonian with a two-band model con-
sisting of states at energies F~ and F~ with an off-
diagonal interaction V between them. In this ap-
proximation we find

tion@,(k,r) in p(r) is proportional to 1j[E,(%)
-E„],"we find that the f., and X, components of

p(r) should be roughly equal in amplitude at the
disappearance of the bound state near x =0.28.

Further implications of the results presented
here include the following. The analysis' '"'" of
transferred-electron devices of GaAs and its
alloys should be reevaluated in terms of the sec-
ond minima at L, 6 instead of X6, with a separation
energy of approximately 0.29 eV between the mini-
ma instead of 0.35 eV as is typically assumed. '0

No difficulties are foreseen since the increase in
indirect-minima population implied by the r educ-
tion in activation energy will be compensated in

part by the somewhat lower density of states mass
for I., (see Table II). We have also shown in Sec.
III that the mobility of carriers in L, is nearly an
order of magnitude lower than that of carriers in

I, to be consistent with transport data. The rapid
thermalization of hot electrons into the L~6 mini-
ma, also required in Gunn oscillator operation,
has been shown by the analysis of photoemission
data by James and Moll, ' which is now interpreted
to involve L, and not X, .

Calculations"'" of the luminescence efficiency
of GaAs and related semiconductor alloys will be
influenced by the L~6 components of the wave func-
tions of the electrons on the luminescent centers,
which have been neglected previously. It is clear
that the normalized component involving I, must
decrease, and that theoretical efficiency calcula-
tions have somewhat overestimated the ultimate
capability of GaAs-based devices.

Finally, we note that our value of 170+30 meV
for the X, -L, energy separation is in excellent
agreement with the results of recent nonlocal
pseudopotential calculations, which give values
of 150 (Ref. 19) and 210 meV (Ref. 20) for this
quantity. These calculations had been based upon
optical absorption, ' sp' valence-conduction
Schottky-barrier electroreflectance, "and photo-
emission determinations of the width of the valence
band. " One of the surprising results of the non-
local calculation was the lowering in energy of the
L~ symmetry point at -0.8 eV in the local pseudo-
potential calculations by about 0.45 eV,"' an
appreciable fraction of the 1.3-eV increase in
width of the entire valence band of width -12 eV.
Together with the sp' Schottky-barrier electro-
reflectance value of 3.041 eV for the L~~-L~e sepa-
ration" this was sufficient to move L, from 0.25
eV above to 0.2 eV befog X, , apparently in con-
flict with existing data but in excellent agreement
with the results found here. This provides a fur-
ther independent indication of the importance of
nonlocal terms in pseudopotential and other band-
structure calculations.
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In summary, the I', -I 6-X6 ordering of the con-
duction-band minima of QaAs resolves the px e-
vious discrepancies among indirect-threshold ac-
tivation energies as measux'ed by transport ex-
periments and photoemission end intraconduction-
band absoxption thresholds measured optically.
Secondly, the behavior of the energy of the I., and

X, minima and that of the deep N isoelectronic
trap with x in GaAs, „P„alloys provides quali-
tative evidence of the importance of I.~ components
in the wave functions of electrons localized in
these states. Thixdly, the I', -L,, -X, energies in
Table I are in excellent agreement with the re-
sults of nonlocal pseudopotential calculations. "'2
Fourthly, we predict that angle-resolved photo-
emission measurements should show the (111)
symmetry of the 1.7-eV peak in the EDC of cesi-
ated GaAs. Finally, the modifications necessary
to previous theories of opexation of transfexred-
electron devices, light-emitting diodes, and
solid-state lasers should provide the basis for
greater undexstanding of the operation of these
devices.

Note added in Proof Furth. er support of the
l -L-X ordex ing of the lower conduction-band min-
ima of GaAs has now been obtained from velocity-
field calculations, "Gunn oscillation threshold
measurements under uniaxial stress, ~' lumin-
escence measurements in Qa, Al, As alloys, "

and resonant enhancement of second-order Raman
scattering spectra. involving phonons at L and X."
Thus the F-I.-X ordering appears to be estab-
lished beyond reasonable doubt.
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