
PHYSICAL REVIEW 8 VOLUME 36, NUMBER 8

High-temperature mobility of pure n-type InP epitaxial layers
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High-purity epitaxial n-type InP thin layers give usually a reduced room-temperature Hall mo-

bility compared to both bulk material and theoretical expectations. This effect occurs despite high
low-temperature mobility, and is interpreted as due to a residual deep-donor center which acts as a

strong scatterer and provides the additional electronic excitation observed at high T. A binding

energy of 160 meV is found to be consistent with both the free-electron concentration and the
computed Hall mobility.

At room temperature, the electron mobility in III-V ep-
itaxial compounds is often observed to be lower than the
theoretical predictions based on well-established physical
parameters. In early GaAs epitaxial layers this was often
the case for heavily compensated material. This effect has
been explained, for moderately doped GaAs samples, by
the presence of an isoelectronic acceptorlike complex re-
lated to carbon. ' Such a center acts as a very strong
scatterer, the corresponding scattering mechanism being
important in the whole T range, and dominant at room
temperature. A similar problem appears for n-type InP
epitaxial material, generally grown by metal-organic
vapor-phase epitaxy (MOVPE), for which the room-
temperature Hall mobility often falls below the theoretical
results. ' ' This has led to various reassessments of the
acoustical deformation potential E&, the values quoted in
the literature ranging from 3.4 to 21 eV. ' Those values
are generally obtained by fitting high-T Hall-mobility ex-
perimental results to a theoretical model accounting for a
single shallow-donor species by including the appropriate
scattering mechanisms. Such a procedure is only suitable
if particular care is exercised. It is not applicable if addi-
tional scatterers are present or if impurity conduction is
significant. A more reliable way of determining E~ is the
fit of an appropriate theoretical model including the usual
scattering mechanisms to the Hall mobility pH in the
whole T range, for samples well below the Mott limit to
avoid impurity conduction effects, while keeping con-
sistency with the variations of the Hall electronic concen-
tration nH as a function of T. ' This is due to the fact
that increasing Ej to obtain agreement with a low pH at
300 K also decreases very significantly the corresponding
78 K value, which cannot then be fitted unless unrealisti-
cally low values of ND~, the shallow donor concentration,
and N~, the acceptor concentration, are assumed. Never-
theless, the value E~ ——6.8 eV often quoted"' gives excel-
lent agreement with a set of experimental results in a
broad T range ' and has been obtained independently of
electrical transport measurements. ' Moreover, the max-
imum room- T theoretical Hall mobility, found to be
slightly above 6000 cm V ' s ' by using E& ——6.8 eV, ' "
is now more easily approached as the purity of the layers
improves. If good agreement cannot be obtained between
theory and experiment with a reasonable choice of Ej,

ND~, and Nz, this may indicate the presence of some ad-
ditional scattering mechanism.

We report on a set of three n-type InP samples grown
by metal-organic vapor-phase epitaxy (MOVPE). The
samples are pure enough to avoid impurity conduction
effects except at the very lowest T. ' ' All samples are a
few pm thick and have good uniformity.

Hall transport measurements have been performed on
all three InP samples under low electric and magnetic
field conditions using a high-impedance automated data
acquisition system from 4.2 to 300 K. A standard bridge
configuration was used. To avoid gradient effects, the
temperature T recovered naturally from its lowest value at
a very slow rate. In order to maintain the low electric
field regime, the excitation current through the samples
needed frequent adjustments. Low magnetic field condi-
tions were preserved by using a 2-kG field at intermediate
temperatures, where the mobility peaks, ' and 5 kG else-
where.

Figure 1- shows the behavior of pH versus T for sample
3. The corresponding 77- and 300-K Hall mobilities
quoted in Table I show reasonable agreement with avail-
able theoretical tables, ' thus suggesting a normal behav-
ior for this sample. Figure 2 shows the corresponding
variations as a function of T of the Hall electronic concen-
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FICz. 1. pH vs T for sample 3. The continuous line is the
Hall mobility computed with the parameters given in Table I ~
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TABLE I. Results obtained from the analysis of three InP samples. N», ND2, and N& are, respectively, the shallow, deep-donor,
and acceptor concentrations; p&z is the experimental Hall mobility at 300 K, pHT and (pHT ) being the corresponding theoretical
results when the deep center is and is not accounted for, respectively; nHF, nHT, and (nHT )' are the corresponding Hall electronic
concentrations at the given temperatures; Ep2 is the binding energy of the deep center with degeneracy factor P and effective radius a.

Sample
no.

NDl

(cm ')
NDp

(cm ') (cm ')
300 KPm PHT

300 K
(

300 K)IPHT
(cm V 's ')

77 K

(cm )

9.10X 10'4

1.59 X 10"
1.98 X 10'

1.15 X10"
8.20 X 10"
0.0

7.35 X 10"
1.18 X 10"
1.04X 10"

4060
4890
5260

4135
4934

5785
5620
5628

1.32 X 10'
2.93 X 10'
6.40X10"

Sample
no.

ED2
(meV)

160
160

(A)

1300
1000

1.2
1 ' 5

0.8

300 Knaz
(cm )

2.19X 10'
3.76 X 10'4

7.60 X 10'4

300 K
nHT
(cm-')

2.20 X 10'4

3.83 X 10'4

300 K)~

(cm ')

1.43 X 10'4

3.37 X 10'4

7.69 X 10'4

tration defined as

nH =n, /rH

n, being the electronic concentration in the conduction
band and rH the Hall factor.

Figures 3 and 4 present pH as a function of T, respec-
tively, for samples 1 and 2. The corresponding room-T
experimental Hall mobilities are reported in Table I, and
appear too low for the corresponding values at 77 K. '

Figures 5 and 6 show, respectively, the corresponding
variations of nH as a function of T. This behavior is
clearly different from sample 3, as can also be seen from
the values of nH quoted in Table I, corresponding to 77
and 300 K. For sample 3, nH stabilizes above 100 K as
most of the shallow donors become ionized. This is not
the case for the two other samples studied here, where,
after a similar stabilization around 100 K, additional elec-
tron excitation is observed above 200 K. This effect has
been recently reported, ' and is interpreted as being due
to the presence of an additional donor center which is
neutral at low T and starts to ionize when the tempera-
ture is increased and the Fermi level falls deeper in the
forbidden gap. This interpretation is supported by some

photoluminescence data. ' We then speculate that this
behavior corresponds to the presence of a deep center or
complex, whose origin is still unclear, with a concentra-
tion denoted as XDq. Moreover, we point out that this ad-
ditional electronic excitation is accompanied by a reduc-
tion in the Hall mobility which is more pronounced when
the excitation becomes stronger. This appears clearly
from the experimental data: sample 1, which has the
highest low-T mobility, shows also both the largest high-T
electronic excitation to the conduction band and the
lowest room-T mobility (Figs. 5 and 3, respectively); for
sample 2, both the reduction in mobility and the electron-
ic excitation appear clearly, but are weaker; sample 3 does
not show high-T excitation, and both the 77- and 300-K
Hall mobilities are consistent, with reasonable precision,
with theoretical predictions. ' The experimental results
described above are not only representative of a fairly
large number of samples tested by us, but also of most of
the results recently quoted in the literature. A11 this
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FIG. 2. nH vs T for sample 3. The continuous line is the
Hall electronic concentration computed with the parameters
given in Table I.

T (10 K)

FIG. 3. pH vs T for sample 1. The continuous lines represent
the computed Hall mobilities when the eftects of a deep center
are included with the parameters given in Table I. The dashed
lines correspond to the same parameters but when only a single
shallow donor is considered.
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FIG. 4. pH vs T for sample 2. The continuous lines corre-
spond to the Hall mobility computed with the parameters of
Table I. The dashed lines correspond to the same parameters
when the effect of the deep center is excluded.

FIG. 6. p~ vs T for sample 2. The continuous line is the
Hall electronic concentration calculated with the parameters
given in Table I. The dashed lines correspond to the same pa-
rameters, with the exclusion of the deep center.

indicates that the reduced Hall mobility and the electronic
excitation are closely linked. Consequently, a simple in-
terpretation of the results is that the deep centers act as
strong additional scatterers as they become ionized. The
d.ifferent electric properties of sample 3 are only obtained
occasionally and appear to be linked to trimethylindium,
a source material used for the growth. When the room-T
mobility of a sample is high, the 77-K mobility is com-
paratively low and inversely. Such effects seem to be a
reAection of the variations of the ratio of deep to shallow
impurity concentrations contained in this chemical.

To fit the electrical transport results of sample 3, for
which a standard behavior is expected, pH is computed by
an iterative solution to the Boltzmann equation due to
Rode" without having to assume Matthiessen's rule. Ion-
ized impurity scattering has been accounted for by the
Brooks-Herring relaxation time, ' the other elastic scatter-

PI
I

E
0

ing mechanisms included being deformation-potential
acoustic and screened piezoelectric. ' The small neutral
impurity scattering has been neglected. The Rode itera-
tive technique accounts then for polar optical scattering
and has been applied in the form that does not account
for nonparabolicity corrections in the conduction band.
The computation requires the value of n, and of the Fer-
mi level EF, which are related to the impurity concentra-
tions ND& and Nz and to the binding energy ED through
the neutrality equation. In our case, degenerate statistics
were used for a single donor level with degeneracy factor
P. This is justified at very low temperatures when the
Fermi level lies, depending on compensation, close
enough to the conduction-band edge to cause failure of
the Boltzmann approximation. The values of ND~, Nq,
and ED allow then the computation of g (E), the perturba-
tion to the equilibrium distribution function. g (E) defines
a pseudo-relaxation-time r(E), which in turn allows the
calculation of rH and of the drift mobility by using the
usual averaging integrals. n, being given by the neutrality
equation, nH can also be calculated by using the comput-
ed values of r~. Table II shows the values of the physical
parameters of InP used in the computation. "' m* is
the relative effective mass, e, and e the static and high-
frequency dielectric constants, respectively, Tpo the De-
bye temperature, p the mass density, Ej the acoustical
deformation potential, Cl the longitudinal speed of
sound, and P a dimensionless piezoelectric coe%cient

TABLE II. Physical parameters of InP used in the computation.
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0
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FIG. 5. n~ vs T for sample 1. The continuous lines are the
Hall electronic concentration calculated with the parameters
given in Table I, with excitation from a deep level. The dashed
lines correspond to the same parameters but with a single shal-
low donor.

m* (a.u. )

&s

Tpo (K)
p (g/cm )

El (eV)
CL (cm/s)
P

0.082
12.38
9.55

497
4.487
6.8
5.028 && 10'
0.013
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holds for pure enough material, as in such a case almost
all shallow donors are ionized at room temperature.
nc is the electronic concentration in the conduction
band at 300 K. The difference ND~ —N~ was varied at
300 K until good agreement was obtained with the corre-
sponding experimental value of nH. This difference was
then kept constant by varying both ND~ and N~ to obtain
consistency with the experimental Hall mobility at 77 K.
pH and n~ were then computed with the resulting values
of ND~ and N~ for 50 points in the whole temperature
range. For each temperature, 401 values of the total re-
laxation time were computed with a precision of 1% of
the Rode iterative technique. " Below 50 K, p= —,

' gave a
theoretical nH approximately 20% lower than the ob-
served values. This discrepancy disappeared with the
value of p quoted in Table I. This value is larger than the
expected one and could be attributed to the random distri-
bution of the impurities, which in fact gives rise to an im-
purity band of totally localized states' and not to a single
discrete level. A correction for possible depletion effects
in the epilayers not only was not necessary, but further in-
creased the discrepancy observed for nH at low T with

1

2'
The previous approach is not sufficient to explain the

behavior of samples 1 and 2. We then assume the pres-
ence of a deep-donor center with binding energy ED2 and
concentration ND2. The neutrality equation now becomes

nc ND] +ND2 —Ng

where the superscript + denotes the ionized donors.
Moreover, we suppose that when these centers ionize,
they are able to scatter the free electrons. The simplest
choice for a scattering potential is a square well of the
form

U0, r &a
V(r)= 00, r&a. (4)

V0 is negative and corresponds to the depth of the well, a
being the corresponding radius. For a deep center, the
scattering potential is generally larger than the energy of
the incident particles. This potential cannot then be con-
sidered as a small perturbation to the energy of the elec-
trons, and the Born approximation is not valid to calcu-
late the corresponding scattering cross section. A phase-
shift calculation is thus necessary. Sclar related the suc-
cessive phase shifts 6L to the relaxation time ~~ through
the general expression

4ND+2 $ oo

(L + l)sin (5L —51. +, ),
m k L 0

(5)

defined by Hutson. ' The average binding energy for InP
was taken as 6 meV. The parameters of the fit are ND~
and N~, with initially P= —,'.

The continuous lines of Figs. 1 and 2 are the results of
the previous calculation when applied to sample 3. The
fit is in good agreement with the experimental results and
was obtained in the following way. Values for NDI and
N~ at 300 K were first estimated, where

nc ——ND~ —N~300 K

where R is the Planck constant divided by 2~, k the
modulus of the wave vector of the incident electron, and
m* its effective mass. The concentration of scattering
centers has been taken as ND2. For the potential of Eq.
(4), the phase shifts are given by

kj L(ka) —yi. (a,aj)I.(ka)
tan(51 )=

knL(ka) —yL (a, a)nL(ka)
(6)

where jL and nL, are, respectively, the spherical Bessel
and Neuman functions; jL and nL are the corresponding
derivatives and

yL(a, a)=ajL(aa)ljL(aa),

with

tan(6L ) =
L+1 yL(a a)

nL )(ka) nI. (ka)—
(8)

yL(a, a)=

with

a2

I. —1 —yL )(a,a)
a

I, +1
a

21 —1 .jl. («)= jL, i(ka ) —jL 2(«),
ka

(10)

the same expression being valid for nL(ka).
To initialize an iterative procedure for given k, V0, and

a, the knowledge of yo(a, a), 50, and 6~ is required (quot-
ed by Sclar ). jo,j ~, no, and n~ being well-known func-
tions, the phase shifts can then be easily calculated to any
order by using sequentially Eqs. (10), (9), and (8). The re-
laxation time of Eq. (5) is then a function of E, Vo, and a.
V0 and a are additional parameters for the computation.
In practice, iterations were halted when the relative varia-
tion between successive phase shifts fell below 10 . This
yielded values of a few units for I at low energy, and of
more than 100 at high energy.

When the effects of this additional center are added to
the previous computation through the neutrality equation
[Eq. (3)] and the inclusion of the relaxation time of Eq.
(5), the model requires the five parameters ND~, ND2, Nq,
FD2, and a, with the assumption that the depth of the well
corresponds to the binding energy. The degeneracy factor
of the deep level is taken as —,'.

a=[2m*(E —Vo)]' /8,
E being the energy of the incident electron.

Equations (6) and (7) allow the analytical calculation of
the phase shifts at any order, but this is unpractical and
extremely tedious except for the first few. It is never-
theless necessary when ka is of the order of one or
greater. For such a situation, an iterative procedure,
suitable for a numerical calculation, can be used to com-
pute r~ in Eq. (5).

By using the recurrent properties of the spherical Bessel
and Neuman functions and their derivatives, Eqs. (6) and
(7) can be rewritten, respectively, as

T

yl. (a,a)jL,(ka) jL (ka)—
ka
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To fit this model to the experimental results for samples
1 and 2, the following procedure was used. As the deep
center is not expected to have any effect in both nH and

pH at low T, it was not accounted for in a first step. nH
was then computed at 120 K—where most of the shallow
donors are already ionized and the deep ones still
neutral —by varying the difference ND~ —Nz until good
agreement was obtained with the corresponding measured
value. ND~ and Nz were then varied in a way such that
the difference ND~ —N& was maintained constant to get
consistency with the measured Hall mobility at 77 K. As
for sample 3, a value of /3 larger than —,

' corrected a simi-

lar discrepancy in nH at low T. This yielded the final
values of ND~, N~, and P quoted in Table I. In a second
step, the binding energy ED2 was varied with rough esti-
mates of NDq and a until the start of the observed addi-
tional electronic excitation (Figs. 4 and 6) was reproduced
by the model. The exact value of NDq controls the
amount of electronic excitation at 300 K and is then
determined from the experimental room-T value of n~.
Finally, the value of the radius a of the well is obtained
by fitting the room-T Hall mobilities. The parameters re-
sulting from the fit are quoted in Table I, where p~~
and pHT are, respectively, the experimental and theoreti-
cal Hall mobilities at room T, in very good agreement.
nHF and nH~ are the experimental values of n, H at 7777 K 300 K

and 300 K, respectively. (@HE )' and n (~~ )' are the
corresponding theoretical results when ND2 ——0. The con-
tinuous lines of Figs. 3—6 were obtained with the parame-
ters of Table I by including the deep centers in the calcu-
lation. The dashed lines correspond to the classical case,
with a single shallow donor and the same parameters as
above. Figure 7 gives the theoretical variation versus T of
rH for all three samples, and shows that taking I"~ ——1

leads to a considerable error, in particular at low 7. '

The values quoted in Table I show that the introduc-
tion of a deep center with comparatively low concentra-
tion can account for a considerable reduction of the
room THall mobilit-y (50% approximately for sample 1),
with an increase in the free-electron concentration of com-
parable amplitude. A binding energy of 160 rneV, ex-
tracted from nqq(T), is found to be consistent with the ex-
perimental results of the samples showing a depressed
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FIG. 7. rH as computed from the parameters of Table I: con-
tinuous line, sample 1; dashed line, sample 2; dash-dot line, sam-
ple 3.

room T-mobility. Although the potential of Eq. (4) is un-

physical, it has been shown to be equivalent, regarding
scattering effects, to a potential of the form

V~(r) =( Vo/r)exp( —r/a), (1 1)

which is the usual expression corresponding to an ion-
ized impurity. For a shallow donor in InP, Vo is ap-
proximately 6 meV, which, compared to the 160 meV of
the deeper center, indicates more than one order-of-
magnitude difference in scattering strength. Such a
dift'erence has been shown to be realistic when an ade-
quate central core is added to the long range part of a
single charge potential. Moreover, the values of a
quoted in Table I are close to the usual screening lengths
expected at high T for the doping levels being con-
sidered, and they decrease with increasing electron and
impurity concentrations. This can be seen, for example,
by using the Debye screening distance
[d =(co@,K~T/q n, )' in MKS units, eo being the vac-
uum dielectric constant, kz the Boltzmann constant, and

q the charge of the electron], for which we obtain
d=1881 A for n, =5 & 10' cm and T=300 K. If
screening by fixed ionized impurities is added to the
effect of the free electrons, as in the Brooks-Herring'
theory, the screening distance becomes
d =(roe, kz T/q n *)',with n

* =n, +ND (1 ND /ND —),
ND and ND being, respectively, the concentrations of
donor and ionized donor impurities. If ND is only
slightly smaller than ND, as expected at room T when
most donor impurities are ionized, d is only slightly re-
duced by accounting for the ionized impurities.

Scattering by an acceptorlike isoelectronic center related
to Carbon impurities has received considerable attention
to explain a high-T mobility reduction often observed in
early GaAs epilayers. ' ' Using the relaxation time

4(2)l/2~2N g2g 1/2/3m e3/zg (12)

where Ez is an energy parameter associated with the
scattering, E the energy of the electron, and Nz the con-
centration of centers, the corresponding mechanism could
adequately explain the behavior of a set of moderately
doped GaAs samples from 77 to 300 K with a single
value of the parameter Ez, namely 95 meV . We investi-
gated the possibility of such an effect. By assuming that
all acceptors give rise to a localized center, attempts to
reduce the theoretical room-T Hall mobility while keeping
consistency with the experimental nH led to unacceptably
low values of El (of the order of 3 meV). Moreover, no
combination of Nz and Ez can possibly explain the rela-
tive variation of pH between 77 and 300 K, these local-
ized potentials reducing the mobility with approximately
similar strength in the T range considered. The possibili-
ty of the presence of isoelectronic centers with a
significant effect in the transport properties of InP epi-
layers has thus to be discarded.

In conclusion, we have shown that the presence of a
deep-donor center explains both the reduction of the
room-T Hall mobility and the additional electron excita-
tion almost systematically observed for n-type InP epi-
layers. The binding energy of such a center is found
to be 160 meV, its origin being sti11 unclear. In addition,
this complex does not appear to have any inhuence on



36 HIGH-TEMPERATURE MOBILITY OF PURE n-TYPE InP. . . 4393

both the Hall mobility and the Hall electronic concentra-
tion at low T, when it is neutral, but it becomes a strong
scatterer when ionized. A reassessment of the acoustical
deformation potential of InP does not appear to be neces-

sary, the value E~ ——6.8 meV being perfectly consistent
with experiment when the deep center is accounted for.
Scattering from a possible isoelectronic acceptorlike center
linked to carbon impurities is also discarded.
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