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Temperature-dependent measurements in the range 20 < 7 <600 K have been made on undoped
and Si-doped metalorganic chemical-vapor-deposition—grown Al,Ga;_,As (0<x <0.6) on GaAs.
Data obtained from Hall and high-field measurements with the use of the probe technique have
been analyzed. The transport parameters in the samples have been obtained from analysis of data
and the relative importance of the various scattering mechanisms in different composition ranges
have been elucidated. It is found that space-charge scattering plays an important role in limiting
electron mobility at 300 K for 0 < x <0.3, and intervalley scattering plays the dominant role in the
composition range 0.3 <x <0.5. Donor levels, with their activation energy Ej, increasing with x up
to 0.133 eV at x=0.35, are present in the undoped samples. The dominant donor level in the Si-
doped samples also exhibits a similar trend, with Ep=0.095 eV for x=0.35. High values of drift
velocity in samples with x > 0.4 at 300 K and similar features observed in some samples with x <0.4
at high temperatures have been attributed to electron transfer from the substrate to the epitaxial
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Transport properties of n-type metalorganic chemical-vapor-deposited Al, Ga,_, As (0<x <0.6)

layers.

I. INTRODUCTION

The Al,Ga,_,As ternary alloys grown by metalorganic
chemical-vapor deposition (MO-CVD) have emerged as
important materials for the fabrication of heterojunction
solar cells and other optoelectronic devices. It is therefore
important to know their electrical and optical properties.
The band structure of the alloys as a function of composi-
tion has now been fairly well established and has emerged
from the work of several investigators on crystals grown
by liquid-phase epitaxy (LPE), using different tech-
niques.!~® The alloys have a direct band gap for
0<x <0.43, where the I" conduction minima are lowest
in energy. In addition, the L conduction minima crosses
over the X minima at x =0.37 and the ' minima at
x =0.47. The energy position of the various conduction
minima in the alloys at 300 K are shown in Fig. 1. The
continuously changing band structure with composition
has a marked influence on the material properties. Yang’
has reported transport data taken by Hall measurements
of alloys grown by MO-CVD, and Stringfellow and
Kiinzel®® have reported analysis of electron mobility data.

In this paper we report the results obtained from a de-
tailed investigation of the transport properties of high-
purity undoped and Si-doped n-type MO-CVD
Al,Ga,_,As alloys. This includes measurement of elec-
tron velocities at high electron fields and an identification
of scattering mechanisms in relatively pure crystals.
Relevant comparisons have been made with similar high-
purity crystals grown by LPE. The ionization energy of
Si donors for 0.18 < x <0.35 has been determined from an
accurate analysis of Hall-effect data.
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FIG. 1. Conduction-band structure in Al,Ga,_,As as deter-
mined from earlier work (see the text). Data points for the ener-
gy position of the L minima and the donor levels were deter-
mined in this study.
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II. CRYSTAL GROWTH AND DEVICE FABRICATION

Undoped and Si-doped Al,Ga,_,As layers, 5—10 pm
thick and with 0 <x <0.6, were grown on (100) GaAs:Cr
substrates at 750°C with a V/III ratio of ~10. Some of
the layers studied were grown at 690°C with a V/III ratio
of 20. The alloy compositions were determined from the
peak energy of photoluminescence at 1.9 and 4.4 K.
Symmetrical samples with alloyed Ag-Sn contacts were
made for the Hall measurements. These measurements
were typically performed in the temperature range
20—600 K with a magnetic field of 0.4 T.

Measurements of the electron velocity in high electric
fields were made in H-shaped planar Gunn-effect devices.
These devices of varying dimensions were delineated by
photolithography on the epitaxial layers. Alloyed Ag-Sn
Ohmic contacts were formed at the large-area ends of the
bridge. The potential distribution across the device was
measured by a high-impedence Ni probe and the current
flowing through the device was measured at the same
time. The measurements were done with a pulsed-
[ ~40-ns, (100—200)-Hz] voltage supply to avoid resistive
heating of the sample. The velocity-field characteristics
were derived from the measured data by considering the
material and circuit parameters.

III. EXPERIMENTAL RESULTS

We consider the high-field transport properties first. A
typical current-field profile in the prethreshold region
measured in a device made from a direct-band-gap sample
is shown in Fig. 2. Velocity-field characteristics are de-
rived from such characteristics by normalizing the slopes
at the low-field end of the curves to drift mobilities. It
should be remembered that the ratio of the Hall-to-drift
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FIG. 2. Current-field characteristics in Aly,5Gag7sAs. Ap-
plied voltage pulses are of 40-ns duration.
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FIG. 3. Velocity-field characteristics of electron in MO-CVD
Al,Ga;_,As with0<x <0.4.

mobilities, ugy/py, is dependent on composition in the
Al,Ga;_,As alloy system due to band crossover and a
three-conduction-band model must be considered in calcu-
lating uy and ng. Values for ug /u,4 calculated by Suge-
ta et al.'® with the use of such a model are used in this
study. The computed velocity-field characteristics for
some alloy compositions are shown in Fig. 3. The point
of interest is the higher velocities measured in the sample
with x =0.4 compared to those measured for x =0.32 or
those in indirect-band-gap crystals with x~0.4 grown by
LPE.!
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FIG. 4. Velocity-field characteristics of electrons in
Al 25Gag 75As at 300 and 400 K.
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The measurements were repeated at temperatures above
room temperature with a sample having x =0.25. The
data are shown in Fig. 4. It is seen that at very low fields,
the mobility at 400 K is smaller than that at room tem-
perature. This lowering is caused by increasing phonon
scattering at the higher temperatures. At higher fields,
there is first a decrease and then at increase in the velocity
at a slower rate.

Figure 5 is a plot of the variation of g at room tem-
perature as a function of alloying composition in crystals
which have very similar background impurity concentra-
tions. The observed variation can be qualitatively ex-
plained as follows. In the region 0<x <0.30, the ob-
served decrease in mobility can almost be totally explained
by the increased polar-optical-phonon scattering which is
the dominant scattering mechanism around 300 K. The
increase in scattering is, in turn, due to the increase in the
effective mass mT of the electrons at progressively higher
energy in the I' valley. In the band-crossover region
(0.3 <x <0.5), significant carrier transfer to the subsidi-
ary minima takes place, causing a sharp fall in the mobili-
ty value. For x > 0.6, the electrons reside mainly in the X
minima, and the measured low values of mobility are indi-
cative of the high electron effective mass in these minima.
A minimum in mobility value usually occurs at x~0.45.
This is due to a combination of intervalley, space-charge,
and alloy scattering mechanisms. In comparison with
electron mobility values in LPE Al,Ga;_, As with identi-
cal compositions and similar net donor densities, we find
that the measured mobilities in MO-CVD Al Ga;_,As
are less by a factor of 2.0. At the same time, the photo-
luminescence intensities in the MO-CVD crystals are also
slightly less than in LPE crystals. These facts indicate
higher compensation in the MO-CVD materials studied
here compared to LPE-grown crystals.
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FIG. 5. Measured variation of Hall mobility with composi-
tion at 300 K in undoped MO-CVD Al,Ga,_,As. Solid line in-
dicates the mobilities calculated by Saxena (Ref. 17) from fitting
of the data obtained from LPE-grown samples.
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FIG. 6. Variation of Hall mobility with temperature in un-

doped MO-CVD Al GagoAs. Solid line with the data indicates
the calculated variation.

Hall mobilities in the samples were also measured in the
temperature range 20—600 K. Typical variations of pg
with T in two samples with x =0.10 and 0.25 are shown
in Figs. 6 and 7, respectively. The relevant scattering
mechanisms responsible for the measured mobility varia-
tions and analysis of the data will be discussed in detail in
the next section.
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FIG. 7. Variation of Hall mobility with temperature in un-
doped MO-CVD Al ,5Gag 75As. Solid line with the data indi-
cates the calculated variation.
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FIG. 8. Measured variation of Hall electron concentration
with composition at 300 K in undoped MO-CVD Al,Ga,_,As.
Dashed line depicts the nature of variation.

Figure 8 shows the measured variation of the Hall-
electron concentration, ny, with alloy composition at
room temperature. Data from a limited number of sam-
ples, grown under similar conditions, are presented here.
The observed variation can be interpreted as follows.
With increasing x, increasing numbers of carries transfer
to the subsidiary minima which have high density of
states and low mobilities, resulting in a lowered value of
ng. The minimum occurs at a composition slightly below
the T'-X crossover composition. As x increases further,
most of the electrons reside in the X minima, and ng in-
creases to the value of the electron concentration in these
minima.

The variation of ny with temperatures in the range
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FIG. 9. Measured and calculated variations of Hall electron
concentration with temperature in undoped Al,Ga;_,As sam-
ples.
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FIG. 10. Measured and calculated variations of Hall electron
concentration with temperature in undoped Al,Ga;_,As sam-
ples.

300—600 K in three undoped samples with x =0.1, 0.2,
and 0.3 is depicted in Fig. 9. The decrease in electron
concentration with an increase of temperature is due to
carrier transfer to the subsidiary minima. The variation
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FIG. 11. Measured and calculated variations of Hall electron
concentration with temperature in Si-doped Al,Ga,_,As sam-
ples.
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of ny with temperature for undoped and Si-doped sam-
ples of different compositions is depicted in Figs. 10 and
11, respectively.

IV. ANALYSIS AND DISCUSSION

To analyze mobility data, the following assumptions are
usually made: (a) each scattering process has a charac-
teristic relaxation time 7(E) where E is the electron ener-
gy in kgT, (b) the electrons are scattered in a parabolic
band; and (c) the various scattering mechanisms are in-
dependent of each other. It should be remembered that
the last assumption may not be strictly valid, since an
electron-phonon interaction could take place while the
electron’s motion is influenced by the potential of an ion-
ized impurity. Also, a true relaxation time cannot strictly

|

2
n n n
ng=nr |1 _L_’f_x__,__’*_f_’: / 1_,__".’_ Ex
Ar Ur Ar Mr hr | Ur
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2
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Assuming that Boltzmann statistics are valid for the elec-
tron concentrations in the crystals studied, the following
approximate relations are also valid:

nr=Nlexp(Erp/kpT) ,
(3)
372
mf x exp | — AErp rx
mr

nrLx
nr

’

ksT

where (n,m",p,)r, L x are the transport parameters in the
different conduction valleys and AEr; and AEry are the
I'-L and T'-X intervalley seperations. m¢ is the density-
of-states effective mass.

The processes which must be considered for deriving a
reasonable theoretical estimate of carrier mobility are,
polar-optical-phonon scattering, deformation-potential
scattering, piezoelectric scattering, ionized impurity
scattering, space-charge scattering, alloy scattering, and
equivalent and nonequivalent intervalley scattering. In
what follows, some of the scattering mechanisms and the
relevant parameters are discussed in more detail.

The temperature dependence of mobility limited by
polar-optical- (PO-) phonon scattering is calculated from
the analysis of Fortini'? as

€€4[exp(®/T)—1]

(e, —€g)(m* /my)3%@®

ck
T

Upo=25.44 TV, (@)

where €, and €; are the static and high-frequency dielec-
tric constants and ® is the optical-phonon temperature.
G(®/1) is an integral function which has been determined
by Fortini.”> The infrared reflection spectra of
Al,Ga,_,As at the I" point contain two branches, related
to GaAs and AlAs.!> The term ®/[exp(®/T)—1] is the
average phonon energy per mode, E, which can be ex-
pressed as

nr
nr
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be defined for electron scattering by polar-optical
modes.!! In spite of these facts, the above assumptions
are valid to a large extent and give a good insight into
scattering processes in ITI-V semiconductors.

The I'-L-X conduction-band structure as a function of
alloy composition plays an important role in determining
the mobility. In the composition range 0<x <0.3, the
transport properties are primarily determined by the elec-
trons in the I' minimum. The effects of the L and X
minima may be neglected. Similarly, in crystals with
0.6 <x < 1.0, the X minima plays the major role. In the
intermediate band-crossover composition range, 0.3 <x
<0.6, the effects of I', L, and X minima must be con-
sidered. Considering three-valley conduction, ny and py
can be expressed as

2
KL

Hr

(1

np pr
nr Hr

E—=xE_A1As+(1"_x)E.GaAs . (5)
Similarly, the integral function may be interpolated as

G(O/T)=xG(O/T)p1as+(1—x)G(O/T)gaps - (6)

The LO-phonon temperature in GaAs at the X point is
345 K (Ref. 14), and its value of AlAs is taken to be the
same as that in GaP (Ref. 15), namely 580 K. A linear in-
terpolation between the two values is used to calculate
©fo(x). The value of ®Fg is not known for GaAs or
AlAs.

The relaxation time due to alloy scattering has been
determined by Hauser et al.!® The temperature depen-
dence of mobility can be expressed as

52.87 12

= , 7
(m*/mgy)**x (1—x)(AU)? @

Ha

where the alloy scattering potential AU is given by!”
AU=0.3+0.011x . (8)

From the space-charge (SC) scattering formulation of
Weisberg,'® the temperature dependence of mobility can
be expressed as

3.2x10°T7 12
(m*/mg)VAN,4) ’

Hsc= )

where N; and A4 are the concentration and area of scatter-
ing center, respectively. It should be noted that the mobil-
ities limited by alloy and space-charge scattering mecha-
nisms have an identical temperature dependence.

The scattering rate from a k state in the i valley to a
state in the j valley has been derived by Fawcett et al.!®
With the use of this expression and the approximation
E= %k 57T, the mobility limited by nonequivalent interval-
ley (IV) scattering can be expressed as
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In this expression p is the material density. The last term
on the right-hand side is O for T/®<%+AE,-J-/kBT.
Here, N; is the number of equivalent minima and m}‘ is
the mass in a single minimum. AE;; is the intervalley
. 2/3 %* . . .
separation. (Nj’°m;’) is the combined density-of-states
mass for the j valley. In the case of equivalent intervalley
scattering, the above expression is applicable when N; is
changed to (N;—1) and AE;;=0. It has been found that
intervalley scattering involving the I' minimum has very
little influence in determining electron mobility in the
Al,Ga,_,As alloys and therefore the only scatterings to
be considered in the range 0.3 <x < 1.0 involve the L and
X minima. According to the selection rules of Birman
et al.,’®* ® =07 can be assumed. Values of the coupling
coefficients Dyy and D;y have been taken from Saxena
and Gurumurthy,?! and these values agree reasonably well
with earlier published data.??

One of the most crucial parameters needed for the cal-
culation of mobilities in the various minima for various
values of x is the electron effective mass. Since the ener-
gy of the X minima remains almost invariant with x, a
constant value of the density-of-state effective mass
my=0.35m, in a single minimum is used,”® assuming
three equivalent minima. The variation of the effective
mass in the T valley is obtained from kP theory as?*

2 1
Er | Er40.341

mo
*
mr

=1+47.51 , (11)

where Er is the energy of the I’ minimum. Similarly, us-

ing E-f)' theory to calculate the transverse effective mass
m, in the L minima and knowing that the longitudinal ef-
fective mass m; =1.9my,, it has been found that?!

m}=N2’m2?’m}*~(0.554+0.76x)my (N=4). (12

The other parameter intimately related to the band
structure is the acoustic deformation potential E,. In this

TABLE 1. Values of material parameters used for analysis of
Hall mobility data.

GaAs AlAs
Parameters x =0 x=1
eFs (K) 345 580
Olo (K) 420
€ 12.9 10.06
€, 10.9 8.16
p (g/cm?) 5.37 3.60
u; (km/s) 5.24 5.50
ETEY (eV) 8.6 13.0
€14 (C/m?) 0.16 0.16
¢ (dyn/cm?) 4.87x 10! 4,93 % 10"
¢; (dyn/cm?) 1.404 % 10%2 1.422 % 10"
Dyx (eV/cm) 3.37x 108 1.47%10°

I
study, we have taken E] =8.6 eV, as determined in

GaAs, to be constant throughout the composition range.
Saxena and Gurumurthy?' have determined Ef from
analysis of data recorded at 300 K and the value of this
parameter varies from 5.1 eV at x =0 to 13.0 eV at x =1.
The latter value agrees well with earlier data.?* The value
of Ef is unknown. The values of parameters such as
dielectric constants € density p, longitudinal velocity of
sound in the medium y;, and the elastic constants ¢, and
¢;, in the alloys have been determined by linear interpola-
tion between their values in GaAs and AlAs. Some of the
more important parameters and their values used in this
study are listed in Table I. The temperature dependence
of the band minima energies are also taken into account
by using the Varshni equation.?

In order to estimate the theoretical mobility at each
temperature, it is necessary to calculate ur, uy, and puy
limited by the various scattering mechanisms using
Mattheson’s rule. The Hall mobility is then calculated by
using Eq. (2). For 0<x <0.3, it may be assumed that
ug~ur and for x>0.6, ugy~py. In the region
0.3 <x <0.6, the mobilities in all three conduction mini-
ma must be taken into account. This poses a problem
since the material parameters for the L minima are large-
ly unknown. We have circumvented this by assuming
ur/u;~8.5, as determined by Sagar’® and Kosicki
et al?’ from hydrostatic pressure experiments on GaSb.
We have also assumed this ratio to remain constant with
temperature. The calculated variations of ur, py, and u
in Aly4GaggAs are shown in Fig. 12. The calculated
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FIG. 12. Electron mobilities limited by the different relevant
scattering mechanisms in ' and X minima in Aly,Gag¢As.
Solid line alongside the data indicates the total calculated mobil-
ity pror.
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TABLE II. Characteristics of undoped and Si-doped MO-CVD Al,Ga;_,As obtained from analysis of Hall data.

Np (X10%) N, (X10') Compensation ratio N;4 (cm~')(x10%) N;A (cm™')(x10%)
Samples n (cm™3) (cm™3) Np+N,/Np—N,4 from analysis from Eq. (13)
1 0.10 3.8 2.7 59 1.2 0.7
2 0.15 1.0 0.3 1.9 2.4 1.0
3 0.20 4.3 3.6 11.3 1.6 1.3
4 0.25 1.8 0.1 1.1 3.0 1.6
5 0.30 0.54 0.04 1.2 2.6 2.0
6? 0.18 9.1 8.0 15.5 2.7 0.7
7 0.24 8.3 7.3 15.6 2.0 1.3
8 0.35 340 333 67.0 24 2.0

#Si-doped samples.

mobilities for x =0.10 and 0.25 are indicated by the solid
lines in Figs. 6 and 7, respectively.

Mobilities for other compositions in the range
0<x <0.4 were calculated by the procedure outlined
above. Values of NgA, Np, and N, required to obtain
good agreement of the calculated mobilities with the data
are listed in Table II. Also listed are values of N4 calcu-
lated by the empirical formulation of Kaneko et al.?® and
Stringfellow® as follows:

N,A=5%X10*+6.3X10°x (cm~!) . (13)

The agreement is fair. Slightly higher values derived by
us may reflect the influence of deep levels in the samples.
The ratio u 4 /psc at 300 K calculated by us from fitting
of the data is shown in Fig. 13 for a limited composition
range. It is clear that the relative importance of alloy
scattering, compared to scattering by space charge, in-
creases with increasing x.

The calculated mobilities limited by alloy, space-charge,
and intervalley scattering in the I' and X minima for a
limited composition range near band crossover are depict-
ed in Fig. 14. The data points indicate the calculated
values obtained by fitting to the experimental results.
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FIG. 13. Ratio of mobilities limited by alloy and space-
charge scattering. Symbols represent values derived from
analysis of mobility data. Dashed line indicates a mean trend.

The charge-neutrality condition, assuming three-band
conduction, can be expressed as

S Npi—N = 3 ngi+nr+ng+ny, (14)
i i

where Np; and N4 are the total density of donor (ith lev-
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FIG. 14. Mobilities in I' and X valleys limited by alloy,
space-charge, and intervalley scattering in Al,Ga;_,As. Sym-
bols represent values derived from analysis of mobility data.
Curves passing through the symbols have been drawn to depict
the nature of variation for each scattering mechanism.
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el) and acceptor impurities and ng; is the density of occu-
pied donors (ith level). Combined with Eq. (3), Eq. (14)
can be solved fairly accurately to determine the various
densities, Fermi energy, and intervalley separations.
Values of ny calculated for the samples of Fig. 9 are
shown by the solid lines alongside the data. Analysis of
the data recorded at higher temperatures gives the value
of AEpr; for 0<x <0.3. These calculated values are
shown in Fig. 1 and the agreement with previous data is
excellent. Analysis of data similar to those shown in Figs.
10 and 11 gives the value of donor ionization energy and
donor and acceptor concentrations. The values of these
concentrations are in good agreement with the corre-
sponding values derived from analysis of the mobility
data. We find that there is a donor level in the undoped
samples whose ionization energy increases from 0.025 to
0.113 eV in the composition range 0.15 <x <0.35. Ioni-
zation energies of Si donors in the Si-doped samples were
obtained from analysis of the data of Fig. 11 and are
0.022, 0.077, and 0.095 eV, respectively, for x =0.18,
0.24, and 0.35. The value of the donor ionization energy
in Si-doped Aly 24Gag 76As is in good agreement with the
value of 0.065 eV in a crystal with similar composition es-
timated by Fischer et al.? from photoluminescence pair-
transition data. Similar to several other donor species in
LPE materials>*%3! the activation energy of the donors in
MO-CVD samples also increases with increasing x. The
increase can be explained by considering the interaction of
the T, L, and X wave functions near the band-crossover
region. The increasing donor energies would be undesir-
able for device applications.

An inflexion similar to that observed in the velocity-
field characteristics of Alj,5Gag 75As at high tempera-
tures has also been observed earlier by us in GaAs-
Aly 4Gag ¢As modulation-doped heterostructures®* in
which the effect was attributed to real-space electron
transfer®® from GaAs to Al,Ga,_,As at high fields. In
the epitaxial layer with x =0.25 grown directly on a
semi-insulating substrate, the velocities measured at room
temperature are a combination of those for electrons in
the ternary layer and some which have transferred to the
GaAs substrate. The major contribution to the velocity is,
however, from the electrons in the ternary layer. At room
temperature, the electrons in GaAs cannot gain sufficient
energy to surmount the heterostructure barrier and be em-
itted into the ternary layer. It is quite probable that k-
space transfer of electrons from the T to the L valleys in
Al 35Gag 75As would occur before real-space transfer,
thereby causing a velocity saturation. At 400 K, the elec-
trons in GaAs gain an extra amount of energy and there-
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fore real-space transfer is possible. From the analysis of
the data presented in Fig. 9, we know that significant k-
space transfer starts only at 7 >500 K. However, the
amount of inflexion observed here is too large and it
should be observed below the 300-K characteristic. These
anomalous features indicate that other unidentified effects
may also be responsible for the observed data. By involv-
ing transfer doping, the observed high-drift velocities for
x >0.4 can be explained. Once again, the measured value
reflects a combination of the velocity of electrons at
Al,Ga,_,As and in GaAs, but now the velocity of elec-
trons in the GaAs is higher and contributes primarily to
the measured value.

V. CONCLUSION

A detailed study of the transport properties in undoped
and Si-doped MO-CVD Al,Ga;_,As (0<x <0.6) has
been made. Data obtained from Hall measurements in the
temperature range 20 <7 <600 K have been analyzed by
considering the relevant scattering mechanisms. The
functions of alloy, intervalley, and space-charge scatter-
ings have been investigated in detail. It is found that the
sharp fall in mobility at the band-crossover region is
caused by equivalent and nonequivalent intervalley
scattering. The variation of the measured Hall electron
concentration with temperature has been analyzed using a
three-valley conduction-band charge-neutrality model.
The analysis yields the I'-L intervalley separation for
0<x <0.3, donor-level ionization energies, and donor-
and acceptor-level concentrations. It is found that a
donor level with 0.025<Ep <0.113 eV is present in the
undoped samples with 0.1 <x <0.35 and a donor level
with 0.022 < Ej <0.095, eV possibly arising from Si im-
purities, is present in the Si-doped samples with
0.18 <x <0.35. The drift velocity of electrons in these al-
loys at high fields has been measured by a probe technique
and anomalous behavior in the velocity-field characteris-
tics at high x and high temperatures has been explained
by involving modulation doping and real-space electron
transfer effects.
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