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Temperature-dependent Hall-effect measurements were carried out both in dark and in ambient
light on Si-doped Al„Ga& „As layers grown by molecular-beam epitaxy over the entire composition
range. Above 150 K, the measured Hall carrier densities (different from actual electron densities
near the direct-indirect transition) show an exponential dependence on temperature. A shallow
donor (&15 meV) tied to the I' band and a deep donor level tied to the L band were observed. The
deep donor is dominant for x & 0.2, and its activation energy Ed rises dramatically up to the direct-
indirect band-gap crossover and peaks at 160 meV for x -0.48. As the Al fraction increases fur-
ther, Eq decreases, reaching 57 meV for AlAs. The error due to multivalley conduction on the mea-
sured values of Ed is shown to be negligible. The variation in E~ of the dominant donor level with
x is accounted for by our theoretical calculations using a multivalley effective-mass model. A de-

crease of Ed with increasing doping densities is also observed. At high substrate-growth tempera-
ture, the incorporation of Si atoms was found to decrease. The persistent-photoconductivity (PPC)
effect was observed with an increase in mobilities over the dark values in the entire composition
range. The effect was mqst pronounced in the range 0.20&x &0.40. Traps related to the Si-doping
density appear to be responsible for the observed photoconductivity effect. The ratio of the PCC
traps and the Si atomic density is maximum at x-0.32 and is minimum in the direct-indirect
band-gap crossover region.

I. INTRODUCTION

Recently, the Al„Gat „As/GaAs material system
grown by molecular-beam epitaxy (MBE) has received
much attention because of its applications in a variety of
high-performance heterojunction devices for switching,
microwave, and optical applications. Invariably, these de-
vices require the growth of n-type Al„Gat „As layers
which can be accomplished by doping with, i.e., telluri-
um, ' selenium, ' tin, ' ' and silicon. ' Among these
dopants, Si has been established as a nearly ideal n-type
dopant for the growth of Al„Gai „As/GaAs by
MBE, ' and has a sticking coefficient of nearly unity,
small diffusivity, and allows good electrical and optical
properties to be obtained.

The activation energy Ed of Te, Se, and Sn in
AI„Gat „As was shown to be a few milli-electron-volts
for compositions with x &0.22, but for x&0.22 the ac-
tivation energy was found to increase dramatically with
increasing x up to the direct-indirect band-gap crossover
point, and to decrease afterwards. The maximum value of
Ed (Refs. 1—6 and 17) reported in the literature varied be-
tween 130 and 170 meV, assuming heavy compensation
(i.e., using n 0:exp( EdlkttT). How—ever, Yang et al.
reported a maximum Ed of -320 meV, but the relation
they used was n ~ exp( E~/2ktt T), resulting in—a differ-
ence of a factor of 2.

Despite many reports on the subject there is still a lack
of sufficient experimental and theoretical details with re-
gard to the activation eriergy, mobility, and persistent-
photoconductivity (PPC) effect in Si-doped MBE-grown
A1„Ga& „As covering the entire composition range. Pre-
liminary results on the properties of Si-doped
Al„Gat „As (covering a few AIAs mole fractions), in-
cluding the effect of the substrate and Si-cell temperatures
on the Si-doping concentrations, were reported earlier. "'
The apparent activation energy in the heavily doped sam-
ples was found to be smaller than those reported for Se,
Te, and Sn. ' Kunzel et al. ' also made a similar obser-
vation and reported an activation energy of 13 meV for
x=0.35 and n =2)&10' cm for Si donors. Ishikawa
et al. reported Ed for compositions 0&x &0.5 and found
E~ to be maximized at x=0.37, whereas the behavior of
Se (Ref. 5) and Sn (Ref. 6) suggests the maximum value of
Ed to be at x -0.45. Ishikawa et al. also found Ed to be
independent of the donor concentration for samples with
x=0.27 and 0.32. Morkoq et al. 7 and Kunzel et al. ,
however, found E~ to decrease with increasing electron
concentration in Sn- and Si-doped samples, respectively.
Most recently, Kunzel et al. ' reported a strong depen-
dence of Ed on the doping concentration, with Ed varying
from 22 to 125 meV for room-temperature doping densi-
ties ranging from 8.7&& 10' to 7&(10' cm, respectively.
The present study demonstrates a behavior of donor ac-
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tivation energy similar to that of the other dopants. The
variation of Ed with x is explained using a multivalley
effective-mass model.

As for the photosensitivity, several models have already
been proposed to explain the PPC effect observed at low
temperatures. When Al„GR~ „As is exposed to light at
temperatures below —100 K, the apparent electron con-
centration as measured by the Hall effect increases. This
increase persists for a long period of time even after the
light is turned off. Nelson and Lang er al. observed a
corresponding decrease in mobility, whereas Saxena, '

Kunzel er al. „' and we find an increase in mobility. Cra-
ford et al. also noticed an increase in mobility in S-
doped GRAs1 P alloys. Gn the other hand, Collins
et al. ' observed a decrease in mobility in a sample with
no Al„Ga~ „As buffer layer, but an increase in the other
sample with a 1-pm-thick, undoped Al„Ga, „As buffer
layer. Since ionized-impurity scattering is dominant at
low temperatures, the presence of donor- and acceptor-
type ' traps were assumed to explain the decrease and
increase of mobility, respectivdy. Collins et al. ' suggest-
ed that the PPC was primarily due to photoinduced
charge separation at the Al„Ga& „As/GaAs heterojunc-
tion. The decrease in mobility in the sample with no
buffer layer was attributed to an increase in scattering re-
sulting from ionized defect centers created by the pho-
toexcitation of electrons. The increase in mobility in the
sample with a 1-pm-thick buffer layer was attributed to
the physical separation of electrons from their parent
donors (two-dimensional electron gas).

The aim of this paper is to report our comprehensive
theoretical and experimental study of Si-doped
Al„Ga, „As grown by MBE in the entire (x=0 to 1)
composltlon I'ange.

II. EXPERIMENTAL PROCEDURE

About 40 samples of Al„Ga& „As with varying x were
grown by MBE on I 100I -oriented undoped semi-
insulating GaAs substrates. The structures consisted of a
0.2-pm-thick, undoped GaAs buffer layer (to provide an
atomically smooth surface on which to grow the Al-

GaAs), a 0.2-pm-thick buffer layer of undoped A16aAs,
graded in composition in some cases to prevent any
modulation-doping effects, and a 1.0-pm-thick, Si-doped
Al„Ga& „As layer. For x&0.50, a (150—300)-A-thick
cap layer of undoped GaAs was also deposited to prevent
oxidation of the AlAs-rich surface. Most layers reported
here were grown at a substrate temperature of 610 C as
111easurcd by Rn optical pyrometer. To 1Ilvcstlgatc thc 1Il-

fluence of substrate temperature during growth, a few
layers were also grown at 700'C. A dimeric As source
was used; resulting in high-quality layers even at substrate
temperatures as low as 600'C. For layers with x&0.45,
the Al-effusion-cell temperature was kept constant at
1090 C and the Ga-cell temperature was adjusted to ob-
tain the desired mole fraction of A1As. For other layers,
both- Ga- and Al-cell tempeI'atures were systematically ad-
justed to keep the growth rate constant from layer to
layer. The Si-cell temperature was varied between 975
and 1125'C to control the Si flux. The substrates were

III. RESULTS

A. Hall-effect measurements

The apparent (Hall) electron concentrations (n~) ob-
tained by using the simple relation n~ ———1/eR~, are
plotted in Fig. 1 against reciprocal temperatures for com-
positions x=0.04 to 1. To illustrate the influence of dop-
ing concentrations gn the activation energies and the pres-
ence of shallow and deep donor levds, the Hall concentra-
tions in widely used alloys of compositions of x=0.29
and 0.32 are plotted separately in Fig. 2. Room-
temperature and 77-K data are also summarized in Table
I for compositions x &0.24 which also illustrate the effect
of PPC at 77 K. The PPC effect, which will be described
later, is observed throughout the composition I'ange, being
very noticeable between x=0.20 and 0.40. To illustrate
the PPC behavior, the electron concentration and mobility
measured on sample 6 with x=0.29 both in dark and am-
bient light are plotted in Fig. 3. The carrier density with
illumination was typically 1—5% larger than the per-
sistent density in the dark.

Figures 1—3 indicate that the freeze out of electrons is
an exponential function of temperature between 300 and
150 K. For a nondegenerate semiconductor, the electron,
donor, and acceptor concentrations (n, Nd, and N„
respectively), and the activation energy (E~), are related
through the charge-neutrality condition,

n (N, +n)
Xd —N~ —n

—Eg
exp T

where g (=2) is the donor spin-degeneracy factor. Excit-

mounted on a Iotating holder to ensure compositional uni-
formity of the layers grown.

After the growth, the layers were characterized by
Hall-effect measurements using the van der Pauw tech-
nique in a magnetic field of 3 kG and in the temperature
range 10—300 K, both in dark as well as in ambient light.
Cloverleaf patterns were defined photolithographically on
(4 X4)-mm -sized samples, and Ohmic contacts were
formed by alloying tin dots at 400'C in a H2 atmosphere
for -2 min. The depletion effects caused by the pinning
of the Fermi level by the surface and the band bending at
the interface were neglected due to the relatively high
doping levels used. '

The alloy composition of the direct-gap samples was
determined by room-temperature photolurninescence (PL).
For indirect-gap samples, x was estimated by measuring
the thickness of the grown layer with a scanning electron
microscope. The Al-cell temperature was held constant
for x&0.45, and the growth rate of A1As for that tem-
perature was accurately calibrated by measuring the thick-
ness of an A1As layer. With this, the GaAs growth rate
and thus the alloy composition could be extracted. In a
few samples the compositions determined by the PL mea-
surements were confirmed by a wavelength-dispersive x-
fay Rnalys1s 1n a 'scanIllng clcctron II11croscopc. S1 Rtom1c
densities in the grown layers were estimated from C- V
measurements of the donor concentrations in GaAs for
various Si-cell temperatures.
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FIG. 2. Temperature dependence of the Hall electron concen-
tration showing the influence of doping density on the activation
energy. Also shown are the presence of deep and shallow donor
levels. The alloy compositions are 0.29 and 0.32.
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ed states of the donor atoms have been neglected in Eq.
(l). To account for distribution of electrons in the 1, I.,
and X conduction-band minima in Al„Gal „As, the elec-
tron effective mass in the effective density of states, X,, is
given by

I I I
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FIG. 3. Temperature dependence of Hall electron concentra-
tion and mobility for a Si-doped Al029Ga07~ XAs, sample 6.
The solid and dashed curves represent the -measured data in
dark and room light, respectively.
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TABLE I. Properties of Si-doped'Al„Ga~ „As alloys grown by MBE.

Persistent,
n~ pII Eg

(cm ) (cm V s ) (meV)

0.24
0.24
0.25
0.29
0.29
0.29
0.32
0.32
0.35
0.36
0.43
0.45
0.48
0.50
0.60
0.70
0.84
1.0

2.5E 17'
4.0E 18
4.0E18
6.0E18
6.0E18
2.5E18
4.5E16
2.5E 17
2.5E 17
2.5E 17
2.5E17
2.8E 17
3.0E 17
2.7E17
3.3E 17
4.0E 17
4.4E17
4.4E17

1.8E 17
1.2E 18
1.1E18
4.5E 17
5.7E 17
2.8E 17
2.9E16
7.8E 16
3.8E 15
9.0E 15
3.0E16
3.7E 16.
5.3E 16
7.0E16
1.2E 16
2.2E 17
2.5E 17
3.7E 17

1940
937
880
650
696
752

1150
1210
1000
1000
243
187
142
123
126
130
139
161

1.2E 17
4.6E17
6.0E 17

. 3.6E16
5.8E 16
8.0E 16

8.0E13
4.8E 14
1,2E16

630

1.75E 17
2.2E 18
2.1E18
1.8E18
2.0E 18
1.1E18
2.8E16
1.4E17
9.4E16
1.2E 16
8.6E15
3.2E 15
4.4E15
7.5E 15

2.1E16
1.8E 16
1.3E 16

22'
17
18
52
48
66
86
84

108
130'
146
IS0
160
154
130
92
76
57'

'n ~ exp( —Ed/2k~T) used; for all other samples, n ~ exp( —Ed/k~T).
"Substrate temperature is 700'C; for all other samples, 610'C.
'E15 means &10', E16 means &10', E17 means &&10', etc.

3/2
Pl p gE1 —X

CXP
kjg T

3/2

+
Vl o

HEI —X
CXP +AT

' 3/2 2/3
ftlx

(3)
where hE' J is the energy difference between i and j
conduction-band IQ1QIIDR» and mg 1s thc density-of-states
electron effective mass in band i

Thc stra1ght 11Ilcs 1n Figs. I and 2 shQw that thc fRctoI'

(&,+n)/(&d N, n)N, in —Eq. (1)—either remains con-
stant or varies exponentially with temperature. In order
to determine an effective thermal activation energy of the
dominant Si donor level, this term as a first approxima-
t1QQ I11ay bc cons1dclcd clthcl constant QI proport1QIlal to
n depending upon whether N, &~n (heavy compensation)
or X ((n (negligible compensation), respectively. The
term X~ is generally greater than X~+n as the tempera-
ture is reduced, and any of the above two conditions
shoUld bc tI'Uc Rt low tcIDpcI'RtUrcs. In thcsc two liIQiting
cases thc slope of thc stlalght 11Ilcs of the Pl"versus- T
curves in Figs. 1 and 2 should be either Edlk~ or-

Eq /2k~, respectivel—y.
To determine the nature of the slope of the n-versus-

T ' curves, values of Nd were calculated self-consistently
using both values of Ed [given by —Ed /k~ and
—E~/2k+ in Eq. (1)] and compared with the estimated Si
atomic density (Ns;). With the exception of sample 1, the
slopes E~/2k~ gave much higher—values of Nd than ex-
pected from the fluxes used for 0.24 &x &0;85. However,
the slope —Ed lk~ gave values of Kz close to the expect-
ed ones. In the calculations, the Ineasured electron con-

centrations nII were corrected for the multivalley conduc-
tion which will be discussed later. Thus, the Al„Ga, „As
alloy in the range 0.24&x &0.85 was considered highly
compensated. Similar observations were also made re-
cently by Saxena and Singh. By deterInining which
slope, E~/k~ or —E~/2k~, is—self-consistent with Xd,
the values of Ed were calculated from the curves in Figs.
I and 2. For x~0.2 this technique could not be used
since the values of Xd obtained from both slopes were
similar and the difference was within experimental error.
In this range thc saIIlplcs wcI'c coQs1dcI'cd Uncorllpensatcd
and the slope in these cases was taken as Eq!2k& —The.
values of Ed so determined are summarized in Table I and
plotted in Fig. 4. Owing to the surface and interface de-
pletion effects, if any, and due to the multivalley con-
duction, which will be discussed later, the actual carrier
conccntrat1ons. may bc hlghcI' than shown In Figs. 1—3.
As the temperature variation of these effects in the
(300—150)-K range is negligible, the slopes of the n
versus-T curves, and hence the activation energies will
not change.

8. Effect Of doping levels

Figure 2 illustrates the effect of the doping levels on the
IDcasurcd act1vatloQ cIlcI'g1cs foI' coIllpositions x=0.29
and 0.32~ which al c w1dcly used 1Q YIlodulatlon-doped
field-effect transistors (MODFET's). This figure also
shows the presence of two donor levels for these alloy
compos1tlons. Onc 1S,dccp Rnd doIIl11latcs thc condUct1OIl
process in the (300—150)-K range; the other is shallow
and dominant below 125 K. The initial freeze out is to
the deep level, and once the deep levels are saturated the
freeze out is to the shallow level. The impurity conduc-
tion wi11 also contribute at 1ow temperatures.
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Ed remains less than 10 meV for x &0.2 and starts ris-
ing at x -0.2 to a value of -60 meV at x=0.3, reaching
a maximum of 160 meV at x-0.48, where the band gap
has changed from direct to indirect. For x &0.48, Ed de-
creases monotonically and reaches a value of —57 meV
for AIAs. This variation of the Si-donor energy level with
x in A1„Ga& „As is similar to the previously observed
behavior of other donor impurities. ' ' For
0.22 & x &0.40, Ed for moderate doping levels can be ap-
proximately expressed as
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FIG. 4. Compositional dependence of the ionization energy
Eq of the dominant Si donor level in Al„Ga~ „As. The solid
hne connects experimental data points and the dashed line is ob-
tained from theoretical calculations using a multivalley
effective-mass model. The solid and open circles represent the
slopes —Eq/2k~ and —E~/k~, respectively. Only the layer
(4) was grown at 700'C; aB others were grown at 610'C sub-
strate temperature. The vertical bars show variation of Eq with
doping concentration at a given x. Eq decreases with increasing
the doping level.

Ed -=707x —146 meV . (4)

D. Deep and shallow donors

Figure 5 shows the relative positions of the I, l., and X
minima as a function of x. Also plotted are the measured
values of the Si-donor activation energies of both deep

2.5

The values of Eq for x&0.5 differ somewhat among
various reports. This may be attributed to (i) the lack of a
detailed study as the alloy in this range is not very useful
for semiconductor applications, (ii) the uncertainty in
determining the A1As mole fraction, and (iii) the nonuni-
formity of the A1As composition in the liquid-phase-
epitaxy —(LPE-) grown layers due to a high distribution
coefficient of Al (earlier studies were made on LPE-grown
materials). For x&0.2 the values of E~ reported earlier
are —5 meV, ' whereas we have shown a value of -9
meV. The difference is a result of the fact that in this al-
loy range we have taken the slope as —Ed/2k~, whereas
the other workers have taken —E~/kz.

It is evident from Fig. 2 that the depth of both deep
and shallow donors decreases with increasing doping den-
sities. This is a well-known effect and occurs due to
broadening of the donor level at high doping densities.
The high-activation-energy points in Fig. 4 for a given al-
loy composition correspond to low doping concentrations,
which lead to an increase in E~. However, the effect of
doping on Ed observed here is not as large as reported for
composition x =0.35, most recently by Kunzel et al. 's

The room-temperature electron concentration in most
cases is found to be lower than the Si atomic density.
This is due to the fact that a large number of Si atoms
remain unionized and some Si atoms are perhaps incor-
porated as acceptors due to the amphoteric nature of Si.

C. Composition dependence of the activation energy

O
4) 2.0

1.4

GaAs

I

0.2 OA 0.6
AIAs Mole Fraction x

0.8 1.0
AIAs

The continuous line drawn through the experimental
points in Fig. 4 represents the alloy-composition depen-
dence of the activation energy of the Si donor level which
dominates between 300 and 150 K for moderate doping
levels. The spread in experimental points in Fig. 4, which
is represented by vertical bars, at a given x, is due to the

FIG. 5. Variation of I -, I.-, and X-band energy minima in
Al„Ga~ „As as a function of A1As content x. The solid line
through the experimental points represents the position of the Si
dominant donor level in the band gap. The dotted line
represents the position of the shallow level. The dashed line
shows the calculated donor energy level which accounts only for
the dominant level.
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and shallow levels with respect to the conduction-band
minima. The solid line best-fits the experimental points
of the deep donor level. The dotted line indicates the po-
sition of the shallow level. The dashed line corresponds to
the donor position obtained theoretically from a multival-
ley effective-mass model, as will be described in detail
later. For x & 0.20 the donor level follows the I
minimum. For x &0.20 the dominant donor energy level
with respect to the edge of the valence band increases
linearly and can be described by

E-=0.54x+1.57 eV . (5)

At x-0.2 the dominant donor level begins to follow
the I. minima, which indicates that for x&0.2 the donor
level associated with the L, minima dominates the conduc-
tion process, even when the I valley is still the
conduction-band minimum. With further increasing x,
due to the influence of X minima, the donor level no
longer follows the L minima. Each conduction band can
be considered to be associated with a separate donor level
which is shallow for the I minimum and deep for the L
and X minima. Therefore, for 0.2 &x &0.45, there are ef-
fectively two donor levels: a shallow one with the I
minimum and a deep one with I. and X minima. The ini-
tial freeze out of electroris in this composition range is to
the deep level. When the deep donors are saturated, the
freeze out is to the shallow donors. For this reason, sam-
ples 1—3 and 5 in the range 0.24&x &0.29, which are rel-
atively highly doped, having electron concentrations com-
parable to the conduction-band effective density of states,
show an exponential freeze out of carriers through the L
minima to the deep donor level. For T& 150 K, however,
they show metallic behavior since at this point, deep Si
donors are saturated and the shallow level is merged with
the I conduction band.

The shallow level becomes visible below 125 K when
the doping level is reduced, as can be seen in Fig. 2 (sam-
ples 4 and 6—8). In addition, as in the deep level, the
depth of the shallow level below the conduction-band
minimum increases with increasing x. This is because the
electron effective mass in the I minimum increases with
x. It should be noted that at low temperatures the con-
duction may be partly due to phonon-activated hopping
between deep donor sites which are unoccupied, but with
low mobilities. For alloy compositions x)0.35, the
conductivity of the layers became unmeasurable at low
temperatures for the doping levels studied. This is
thought to be due to (i) deepening of the deep and shallow
donor levels, (ii) reduced probability of electrons being in
the high-mobility I' minimum, and (iii) deterioration of
the Ohmic contacts. It is felt that the shallow level is im-
portant only in the range 0.24&x &0.35. The ratio of the
shallow-level impurity concentration and deep-level con-
centration decreases with increasing total doping concen-
tration. The growth conditions can undoubtedly have an
influence on the respective concentrations of shallow and
deep donor levels, which can account for the differences
in results reported from different laboratories.

E. Effect of Si-ce11 temperature

Samples 1 and 2 were grown under similar conditions,
with the exception that the Si-effusion-cell temperatures

were 1015 and 1100'C, respectively. The latter sample
appears to be highly compensated as it has a relatively
higher slope compared to the former sample [Fig. 1(a)].
Owing to broadening of the donor level at high doping
densities, sample 2 was expected to have a lower slope
than that of sample 1. Compensation in sample 2 is also
confirmed by the variation of electron mobility with tem-
perature, and its slope was taken as —Ed lk~, whereas for
sample 1 the slope was taken as —Ed/2k~. This suggests
that higher Si-cell. temperature sometimes leads to higher
compensation. Perhaps it is more likely that with increas-
ing Si flux the probability of Si atoms adhering to the As
sites increases, resulting in an increased acceptor density.
It should be noted that the compensation ratio can be a
strong function of the group-V to III- atomic ratio used
during growth.

F. Effect of substrate temperature

Comparison of electron densities, mobilities, and per-
sistent photoconductivity in samples 9 and 10, which are
nearly of the same composition and were grown at sub-
strate temperatures of 610 and 700'C, respectively, show
less incorporation of Si atoms at high temperatures. The
same Si flux was used for both the samples. A similar ef-
fect was observed earlier" and is attributed to the reduc-
tion in the Si sticking coefficient at high substrate tem-
perature.

G. Persistent photoconductivity

In the entire alloy range, with the exception of A1As,
where the effect is negligible, the apparent electron con-
centration as well as the mobility were found to increase
at low temperatures when the samples were exposed to
room light. The increase in conductivity persisted even
when the light was turned off. This is the well-known
persistent-photoconductivity effect, ' ' and is observed in
most III-V—compound semiconductors. The samples
which were nonconductive in the dark at low tempera-
tures became conductive upon exposure to room light.
For a given composition x, persistent carrier density is
proportional to the Si atomic density. This indicates that
the PPC is, to one extent, related to the Si atoms and not
to any background impurity in the crystal. A similar ob-
servation was made by Lang et al. The increase in car-
rier density after illumination, An, at 77 K, normalized to
the Si atomic density, Xs;, is plotted in Fig. 6 as a func-
tion of x. The solid line in this figure connects the open
circles which correspond to Ns; & 3x10' cm . The solid
circles correspond to high values of Ns; ( & 10' cm ).

Figure 6 shows that the PPC effect dominates in the
range 0.20&x &0.40, being maximum at x-0.32. The
solid circles indicate that, for a given x, the ratio 4n/Xs;
increases with increasing Xs;. This means that the frac-
tion of Si atoms responsible for PPC increases with in-
creasing Ns;. For x &0.43 the PPC carrier density is less
than 5% of the Si atomic density. For 0.24&x &0.35 the
persistent electron concentrations at 77 K are higher than
the room-temperature electron concentrations. The per-
sistent electron mobilities at 77 K are also higher or com-
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FIG. 6. Persistent change in electron density, after exposure
to the ambient light at 77 K normalized to the estimated Si
atomic density, is plotted against AlAs mole fraction, x.

parable (Table I) to the room-temperature mobilities and
show a considerable increase in some cases over dark
values at 77 K.

IV. THEORY AND DISCUSSION

A. Effect of multivalley conduction
on Hall-effect measurements

H. Mobility

The variation of electron mobilities with alloy composi-
tion and doping densities at a given x can be seen in Table
I. The mobilities are drastically reduced near the direct-
indirect crossover composition (x-0.45) and remain low
for indirect compositions due to the large electron effec-
tive mass. For a given alloy composition the mobility de-
creases with increasing doping densities, as expected. In
earlier studies this trend was reversed, due perhaps to the
reduction of other defects with increased doping concen-
tration.

Similar expressions for fl and fx describing the fraction
of electrons in L and X valleys can be written easily. Us-
ing the values of m, and E; given in Ref. 22, f; was cal-
culated and is plotted in Fig. 7 as a function of x for 300,
150, and 50 K. Minor variations of effective masses and
band-gap differences with temperature were ignored. Fig-
ure 7 indicates that at room temperature more than 95/o
of the electrons are either in the I valley if x (0.2, or in
the X valley if x & 0.6. For alloy compositions
0.2(x (0.6 the electrons are shared in all three valleys.
As the temperature is lowered, fr decreases, whereas fi.
or fx increases, and at 50 K most of the electrons are ei-
ther in the I or X valley, depending on the composition.
Thus, during cooling, the electrons from the L valley are
expected to freeze out first. As the electrons from the L
minima are captured by the deep donor impurities, more
electrons are scattered into the L minima from the I and
Xminima to maintain the statistical equilibrium.

From Fig. 7 it is clear that appreciable differences be-
tween the true electron concentrations (nz. ) and the ap-
parent (Hall) concentrations ( na) are expected only in the
range 0.2 (x (0.6. The ratio nzlna is given by

2 ' 2 2iir frPar+fl. pal. +fxpax
(frPar+fl. PaI. +fxpax )

where pH; is the Hall mobility in the i valley. Obviously,
for 0.2 & x & 0.6, nr =-na. Taking typical values of
mobilities for different valleys as par ——2500 cm V ' s

pIIL ——400 cm V 's ', and p~~ ——150 cm V 's

E
exp

Owing to the distribution of electrons among all three
conduction-band minima I, L, and X, which have dif-
ferent mobilities and effective masses, the actual electron
concentrations, mobilities, and activation energies may be
different from the apparent values plotted in Figs. 1—3.
The difference in electron concentration can be estimated
as follows.

In a nondegenerate material, the electron concentration
in the i valley (I, L, or X) is given by

3/2
2am,*kg T

Ply =2 (6)
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where E; E~ is the energy differ—ence between the i
valley minimum and the Fermi level. The total carrier
density will be
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FIG. 7. Fractional distribution of electrons in I, I, and X
valleys as a function of alloy composition x at 300, 150, and
50 K.
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FIG. 8. Effect of multivalley conduction on the measured
electron concentration. The ratio of true electron concentration,
nz. , and the measured Hall concentration, nH, is plotted as a
function of alloy composition x for A1„Ga& „As at 300 (solid

line) and 150 K (dashed line).

nT/nH has been calculated at room temperature and plot-
ted in Fig. 8 as a function of x. pHz. and pII~ were es-

timated using the measured values of p for x & 0.2
(GaAs-rich side) and x & 0.6 (A1As-rich side), respectively.
All the terms in Eq. (9) are functions of temperature and
it is not straightforward to evaluate the variation of
nT. /nH with temperature. Since at low temperatures

(& 100 K) most of the electrons are either in the I or X
valley for x&0.45 and x&0.45, respectively, the ratio
nT/nH should approach unity as the temperature de-

creases. Thus, at low temperatures the difference between

nT and nH which is significant only for the range
0.25 &x &0.6 should be smaller than that shown in Fig. 8.
Here, it is worth pointing out that the values of Xd con-
sistent with the Si atomic concentrations are obtained only
if the true electron concentrations, nr (and not the nH),
are used in Eq. (1) at room temperature.

The activation energies described earlier were measured
between 300 and 150 K. Assuming that the electron
mobilities at 300 and 150 K are the same, the ratio
nz/n~ w. as also evaluated at 150 K and plotted in Fig. 8.
A comparison of the 300- and 150-K curves in Fig. 8

shows that nT/nH does not vary substantially except at
x-0.4. Actual electron concentration may be different,
but an almost constant ratio nz /nH or a slight variation
in nzlnH will have a negligible effect on the slope of the
curves in Figs. 1 and 2, and hence the activation energies
in Fig. 4 will remain approximately unchanged.

In devices such as modulation-doped field-effect
transistors, the actual electron concentration, nT not nII,
must be used when E~ is above the donor level, and Nd
must be used when E~ is below the donor level. In addi-
tion, in modeling such devices, in the wide range of tem-

peratures used, a simple activation energy should not be
used because activation energies reported here and else-

where are in most cases good for the temperature range of
150—300 K. The measured activation energies appear to

vary somewhat depending on the growth conditions, the
compensation, and the doping densities used. In the com-
pensated samples the electrons not only experience a
Coulomb force due to positively charged donors, but also
another Coulomb force due to negatively charged accep-
tors, which affects the activation energy. For x =0.29, a
commonly used alloy for MODFET's, the electron con-
centration saturates below 150 K, and Ed (150& T& 300
K) is =48—66 meV for the doping densities employed
here.

B. Activation energy (multivalley effective-mass model)

The alloy-composition dependence of Si-donor activa-
tion energy is quite similar to what has been observed for
other donor dopants, such as Se, Te, and Sn in LPE-
and organometallic vapor-phase-epitaxy —(OMVPE)-
grown Al„Ga1 „As. It can then be concluded that, in
general, the activation energy of commonly used donors in
Al„Ga~ „As is relatively independent of the nature of the
donor species and the growth technique used.

The variation of Ed with x is largely due to changes in
the conduction-band structure. Both the electron effective
mass and the dielectric constant change with x, and this
change affects the Coulomb binding energy of the elec-
trons to the donor atoms. To a first approximation the
binding energy Ed in a simple effective-mass model can
be given by

T

m* Ea
mo

where m* is the spherical effective mass of the
conduction-band electron and e, is the static dielectric
constant of the semiconductor. FH (13.6 eV) is the ioni-
zation energy for the ground-state hydrogen atom. In a
semiconductor with a multivalley conduction band, how-
ever, Eq. (10) is not valid and will generally greatly un-

derestimate the true donor binding energy. Thus, for
Al„Ga1 „As, in which at various x the I, X, and L mini-
ma must all be considered, we need a more careful and
complete theoretical treatment in order to properly ex-
plain the donor binding energies.

%e begin with the single-band effective-mass approxi-
mation (EMA). The EMA Hamiltonian is given by

H =Ho+ V,
where Ho is the Hamiltonian of the crystal without any
impurity and V is the potential due to the donor atoms.

The EMA envelope function in k space is written as a
sum of terms located at the I -, X-, and I.-symmetry
points,

3 4

F(k)=Fr(k)+ Q Fx(k —k; )+ g Fl(k —k~ ), (12)
i=, 1 j=1

where I k;, i=1,2,3I denote the three, X points and I k J,
j=1,2,3,4I denote the four L points. Because the en-

velope function is located at various k, we must include
the intervalley scattering contribution.

The envelope function may be Fourier-transformed and

written in terms of r rather than k. Thus,
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F(r)=Fr (r)+ g Fx(r)exp(ik; r}

+ g FL, (r)exp(ik j r), (13)

where C(I,j) is a variational parameter and the uj's are
chosen to cover a large realistic range. The terms of I'z
and FI. can be similarly defined. The kinetic-energy term
of the Hamiltonian for a given valley is now written as

f2
2m*

(15)

where m* is the spherical effective mass appropriate for
the valley under consideration and E0 is the energy
minimum for that valley. We determined the spherical ef-
fective masses for GaAs and A1As at X and I. by calcu-
lating the transverse and longitudinal masses m,

* and mI*

using a local pseudopotential theory and the parameters of
Refs. 25 and 26. The value of m* is determined by re-
quiring that the binding energy of a spherical hydrogenic
system with mass m* agree with the result of Kohn and
Luttinger for the correct anisotropic masses. The value
of m so obtained is, in general, different from the
density-of-states effective mass used elsewhere in this
study. The resulting values are listed in Table II. We
find, however, that a better agreement with the data can
be obtained if we modify m "(I.) for GaAs from 0.22mo
to 0.27mo. This modification is not unreasonable, consid-
ering the uncertainty in the pseudopotential model.

The impurity potential is given by

—2

&(r)= (1—e '), (16)
e(r)r

where e(r) is the dielectric function written in the follow-
ing empirical form:

4
= g S exp( o, r) . — (17)

e(r)

The numbers S and o- are the constants chosen to

TABLE II. Energy gaps and effective masses for GaAs and
A1As.

where Ft.(r), Fx(r), and FL, (r) are chosen to be linear
combinations of ten exponential functions; for example,

10

Fz (r)= g C(l,j)exp( ajr—),

—r/r
correctly describe the function e(r). The term e ' pro-
duces a cutoff of the Coulomb potential for small r to
mimic the central-cell short-range potential, and serves to
stabilize the variational calculation. The core radius r,
is empirically fitted to the correct energy for one alloy
composition.

The matrix elements of the intervalley potential-energy
term must be modified due to the effect of umklapp
scattering. Altarelli et al. have shown that the effect of
the umklapp scattering is equivalent to multiplying the in-
tervalley potential-energy term between valleys i and j by
a renormalization factor R (i,j) defined as

i
k; —kj i

e(k; —kj)R(i j)= QC(k;, kj, G)
i
k; —kj —Gi e(k; —k, —G)

(18)
where e(q) is the q-dependent dielectric function. The
C(k;, kJ, G}'s are the plane-wave —expansion coefficients
for the product U*- (r)U- (r), where U*- (r) andk; k k

U (r)' are the periodic parts of the electronic Blochk.J
states at k; and kj, respectively. We calculate the renor-
malization coefficient R (i,j) using the pseudopotential
method with 89 plane waves, e(q) for A1As as given in
Ref. 31 for GaP but normalized to e, =10.4, and e(q) for
GaAs as given in Ref. 31 with e, =12.6. The results are
summarized in Table III. The matrix element of U(r)
evaluated between F; and Fj (where i and j are I, X, and
I.) is then

(F, i
U(r) iF, }

4 2= —)(((j)(F, g S„exp( cr~) ((—e ') FJ) .—
v=1 r

(19)
The expectation value of the Hamiltonian is thus found

within the multivalley EMA as a function of the varia-
tional parameters and minimized. In this way the donor
binding energy in AI~Ga~ „As is calculated as a function
of x. The energies of the bottom of the conduction-band
minima for GaAs and A1As are also given in Table II.
For alloys with x &0.45 we used a linear interpolation of
all energies and masses between GaAs and A1As, and for
alloys with x & 0.45 the band gap Eg was taken as

E =1.424+1.247x+1.147(x —0.45) eV .

Er
EL

g

Ex

GaAs

1.424 eV

1.708 eV

1.900 eV

A1As

3.018 eV

2.35 eV

2.168 eV

TABLE III. Renormalization factors.

R(i,j)
A1As GaAs

The donor binding energy is the difference between the
calculated donor energy and the bottom of the lowest

m*{I }

m*{L)

0.067m p

0.22m p

{0.27mp)'

0.60m p

'Modified value which best fits the experimental data.

0.15mp

0.27m p

0.38 mp

r—I.
r—L
X—X
L—L
X—L(1}
X—L (2)

1.0
1.13
0.75
1.2
0.32
0.46

1.0
1.28
0.78
1.41
0.08
0.41
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conduction-band valley. The value of r, was determined
to be 1.01 A by fitting the binding energy at the direct-
indirect crossover point, i.e., x =0.45 to 160 meV. The
values of binding energy obtained this way are plotted in
Figs. 4 and 5 and are in good agreement with the mea-
sured values. The large binding energies for
x -0.45—0.48 are due largely to the intervalley scattering
in the X and I. valleys. This lowers the donor energy lev-
el in the band gap (i.e., enhances the binding energy)
which tends to further localize the electron wave function
in real space and delocalize it in momentum space. The
localization in real space lowers the energy because the
Coulomb potential is not screened so strongly; the delocal-

ization in k space further lowers the energy because the
intervalley scattering is enhanced. Such behavior cannot
be explained without correctly including the intervalley
scattering and the q dependence of the dielectric function.

C. Persistent photoconductivity

As shown in Table I and plotted in Fig. 6 the PPC ef-
fect is observed in the entire AlAs mole-fraction range,
but the effect is greatest in the range 0.20&x &0.4 and
smallest in the direct-indirect crossover region. If the Si-
doping density is reduced, persistent-photoelectron density
is also reduced and vice versa. Lang et al. ' observed a
dependence of the PPC on the type of donor species, and
their Si- and Sn-doped samples exhibited behavior some-
what different from that of Se- and Te-doped samples.
By virtue of a decrease in mobility, these authors and Nel-
son attributed the PPC effect to the presence of some
donor-vacancy- (DX )type trap c-enters, which themselves
behaved as donors. The depth of the Si-related DX
centers was noted to be deeper than of the Te- and Se-
related centers.

The DX-type traps can easily explain the increase in
carrier density, ' ' but they cannot explain the corre-
sponding increase in mobility after photoexcitation.
Donor-type traps should lead to a decrease in mobility
after emission of electrons due to increased ionized-
impurity scattering from the charged donor impurity
atoms which are otherwise neutral when occupied. Te
and Se, which come from column VI of the Periodic
Table, primarily behave as donors in III-V compounds,
whereas Sn and Si are amphoteric impurities and can
behave both as donors and acceptors, depending upon the
growth conditions used. As the study of Lang et al. was
largely based on Te doping, it is possible that the traps as-
sociated with Te may be of donor type. Traps associated
with Si, however, appear most likely to be of double-
acceptor type. If so, their concentration is maximum at
x -0.32 and increases at a faster rate with increasing dop-
ing density.

Persistent photoconductivity and an increase in electron
mobility upon photoexcitation at low temperatures was
also observed in GaAs& „P„(Ref.20) and Cd~ „Zn„Te
(Ref. 33). The presence of double acceptors changing the
charge state from —2 to —1 upon emission of the elec-
trons to the conduction band was suggested as the mecha-
nism responsible. This reduces the ionized-impurity
scattering, resulting in an increase in mobility. Further-
more, since the acceptor centers are still negatively
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FIG. 9. Approximate band structure of direct-band-gap
Al„Ga~ „As. The solid and dashed arrows represent the vari-
ous possibilities for electron capture and emission by the deep
level, respectively. (After Saxena, Ref. 19.)

charged, they act as a Coulomb barrier to the electrons in
the conduction band, resulting in the observed persistent
photoconductivity. The same mechanism was proposed
by Kiinzel et al. ' and Saxena' for A1GaAs. Kiinzel
et al. ,

' in their most recent paper, have, however, sug-
gested DX-type centers to be responsible for the PPC.

The enhancement of mobility can be explained only
partially by an increased screening of impurities by photo-
generated carriers. Moreover, if the scattering in the dark
at low temperatures is due to positively charged centers,
then as the electron concentration increases due to pho-
toexcitation from acceptor-type traps, the Fermi level
rises and these positively charged centers become filled
with electrons, further reducing the number of scattering
centers and enhancing the mobility.

Saxena' also suggested that in direct-gap alloys, upon
photoexcitation at low temperatures, the electrons are
emitted from the deep impurity level (attached to the L
band) to the L minima, and from there they are scattered
into the I minimum, perhaps to maintain the statistical
equilibrium. As shown in Fig. 9, due to the indirect na-
ture of the transitions involved between the I minimum
and the deep states, and the small value of fL at low tem-
perature (Fig. 7), the electrons in the I minimum are
prohibited from either falling back to the deep states or
being scattered back to the I. minima, respectively, thus
showing persistent photoconductivity. Upon increasing
the temperature, the electrons are transferred from the I
minimum to the L minima, and from there they can fall
back into the deep states, reducing the effect of the per-
sistent photoconductivity.

If the above model of Saxena's is true, we propose an
explanation for the other related observtxl effects, viz. , the
increase in mobility, dependence of PPC on the doping
density, and alloy composition. At low temperatures in
the dark the conduction in Al„Ga~ „As partly occurs by
phonon-activated hopping between donor sites which are
unoccupied due to the presence of compensating impuri-
ties. The mobility associated with the impurity conduc-
tion is relatively small, and thus the measured effective
mobilities are also small. Upon photoexcitation the elec-

Conduction Bands

L X
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trons are transferred to the I valley where the electrons'
mobility is much higher, and thus an increase in mobility
is observed upon photoexcitation. This is apparent from
Table I where the Hall mobilities in all direct-gap alloys
after light illumination at 77 K are of the same order ex-
cept for some differences due to different doping levels
representing the conduction in the I valley. As the L and
X minima play no role for x &0.2, and the I minimum
plays no role for x&0.45, the observed PPC effect is
negligible for these compositions and is similar to what is
commonly observed in all III-V compounds. As x is in-
creased from 0.2, the effect of the L and X minima in-
creases, whereas the donor level associated with the I
minimum to which the electrons can fall back remains
shallow, the PPC effect increases with x. For x & 0.32, (i)
the occupancy factor of the L and X minima increases so
that a relatively lower number of electrons is scattered
into the I minimum, and (ii) the shallow donor level at-
tached to the I minimum deepens so that more electrons
can be captured by the shallow level although the elec-
trons were originally emitted from the deep level. This
explains why the PPC decreases for x ~ 0.32. As stated in
an earlier section, the ratio of the deep-level concentration
to the shallow-level concentration increases with increas-
ing doping density. Because of this, with increasing dop-
ing density a relatively large number of carriers is excited
from the deep level to the I minimum through the L or
X minima, and so the PPC increases, as observed (shown
by the solid circles in Fig. 6).

The above model does not explain the necessity of an
optical energy of —1.1 eV to observe the PPC effect. ~ It
is possible that I and L, valleys overlap at some energy
level and the transition of electrons from the L to the I
valley occurs at that energy level, thus requiring a
minimum optical energy for the PPC to be observed. If
this is so, the threshold optical energy should be composi-
tion dependent. In addition, upon application of a suit-
able hydrostatic pressure which will move the I
minimum to higher energies, no persistent photoconduc-
tivity should be observed. This is left for future work.

We believe that the formation of a two-dimensional
electron gas (2DEG) and the transfer of electrons to the
2DEG after photoexcitation at the Al„Ga& „As/GaAs
interface alone, as proposed by Collins et al. ,

' cannot ex-
plain the observed PPC results for the following reasons:

(a) To ensure that the increase in mobility was not due
to any fraction of charge transfer to the
GaAs/Al„Ga& „As interface, in some cases we employed
compositional grading in the buffer layers to prevent any
remote possibility of 2DEG formation. An increase in
mobility in these samples also confirmed that the observed
PPC effects are not due to any two-dimensional electron
gas.

(b) The mobilities listed in Table I suggest that the
transport properties of carriers have not changed signifi-
cantly upon photoexcitation, except for some increase in
mobilities. The mobilities still represent the carriers in
the Al„Ga~ „As.

(c) However, if there was some contribution from the
2DEG, calculations show that due to relatively large

mobilities in the 2DEG, in most cases the actual values of
carrier densities and mobilities in the Al„Ga~ „As should
be higher and lower, respectively, than the measured
values shown in Table I at all temperatures both in the
dark and light. The actual persistent electron densities in
Al„Ga~ „As will then be higher than the apparent values
of Table I.

(d) Most importantly, cyclotron-resonance measure-
ments on a highly-light-sensitive sample did not show any
free carrier with mobility greater than 2000 cm V 's
This confirmed the absence of any 2DEG.

More work needs to be done to ascertain the exact cause
of the persistent photoconductivity.

V. CONCLUSIONS

The free-electron concentration in Si-doped
Al„Ga, „As (x=0 to 1) shows an expone~ti~l depen-
dence on temperature. There appears to be both a shallow
and a deep Si donor, the ionization energy of which varies
with the alloy composition x and changes markedly for
alloy compositions in the neighborhood of the direct-
indirect crossover. The depth of both deep and shallow
donor levels below the conduction-band minimum de-
creases with increasing doping levels. A multivalley
effective-mass model has been successfully used to explain
the observed variation of ionization energy. The dom-
inant deep donor levels are coupled to the higher-energy
indirect L and X minima even for alloy compositions in
which the I minimum is the lowest in energy. The Si-
donor level behaves in a manner similar to that of Te, Se,
and Sn, and is independent of the growth technique em-
ployed. A fewer number of Si atoms is incorporated into
the layer at high substrate-growth temperatures. The
electron mobility decreases near the direct-indirect cross-
over and remains low for higher-x composition due large-
ly to the increased electron effective mass.

The persistent-photoconductivity effect is observed over
the entire composition range, particularly between x=0.2
and 0.4, with an increase in mobility at temperatures
& 100 K. Acceptor-like deep traps may be responsible for
the observed PPC. Band-structure effects, in which the
electrons are captured in the L or X valley from the deep
donor levels and are rapidly thermalized into the I
minimum from where they are prohibited from being re-
captured, have also been used to explain the observed
properties of the PPC.
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