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Electrical characteristics of InP with Mg-concentration gradients
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Different InP (p-type) epilayers grown by metalorganic chemical vapor deposition, with one-
dimensional Mg-concentration gradients perpendicular to the growth plane, have been used to study the
validity of an electrical-transport model that takes this type of nonuniformity into account, and includes
both the scattering mechanisms present in semiconductors and interband transitions. Secondary-ion-
mass-spectroscopy measurements have been performed to determine the Mg-concentration profiles of
the samples, which were required for the computation of the theoretical mobilities and free-hole concen-
trations. Temperature-dependent Hall-effect measurements in the range of 4.2-300 K provided the cor-
responding experimental quantities, which were found in good agreement with theory over a wide tem-

perature range.

Nonuniform dopant distributions can have a consider-
able influence on the electrical characteristics of epitaxial
semiconducting layers. The effects induced by nonunifor-
mities can be misleading for the interpretation of electri-
cal transport results, and their understanding is impor-
tant for characterization purposes. In a review paper,
Wolfe and Stillman' quoted the equations describing the
Hall transport properties of nonuniform semiconductors.
Subashiev and Poltinnikov,? and then Hlasnik® con-
sidered the case of extrinsic semiconductors with mobili-
ty and free-carrier concentration gradients parallel to the
magnetic field and perpendicular to the electric field.
This case is of interest for the understanding of the lateral
electrical properties of multilayered or dopant modulated
structures.

In this paper, we report on the electrical characteristics
of Mg-doped InP (p-type) epilayers, as determined by
temperature-dependent Hall transport measurements.
Secondary-ion-mass-spectroscopy (SIMS) measurements
are also presented, and reveal a nonuniform distribution
of the Mg concentration as a function of depth in the epi-
layers, with Mg diffusion into the substrates. An electri-
cal transport model which takes one-dimensional gra-
dients (perpendicular to the surface of the epilayers) of
the acceptor concentration into account is used for the
analysis of the Hall data.

Mg-doped epilayers of InP were grown by low-pressure
metalorganic chemical vapor deposition, on (100)-
oriented Fe-doped (semi-insulating) substrates.* The p-
dopant source was bis(methylcyclopentadienyl) magnesi-
um (MCp,Mg). The SIMS data were collected with a
Cameca IMS4f ion microprobe. Cs® primary-ion bom-
bardment was used with detection of *’CsMg*t. Hall
measurements were performed with a data-acquisition
system® with samples shaped to a standard bridge
configuration. Additional details pertaining to the exper-
iment are provided in a previous paper.

The valence-band structure of InP consists of a light-
hole (LH) band and a heavy-hole (HH) band with their

4

degenerated maxima at the middle of the first Brillouin
zone.” Many electrical transport models were
developed’ ~? to study extended-state conduction in uni-
form p-type III-V compounds. We use a model based on
the relaxation times of Bir, Normantas, and Pikus® which
has already been described.® With the assumption that
the bands are parabolic and isotropic, the drift mobility
for band i is
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q is the electronic charge, m; and m; are, respectively,
the effective masses of band i and j. 7; and 7; are, re-
spectively, the total intraband relaxation times for band i
and j. 7; and 7 are the total interband relaxation times,
corresponding, respectively, to transitions from band i to
band j, and from band j to band i.

The total drift mobility is
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The subscripts LH and HH denote, respectively, the light

and heavy holes. With nondegenerate statistics,? the to-
tal hole concentration is

Uur (4)

pr=1/2[—(Np+Ny)
+vV (N, +Ny)?+4N, (N, +Np)l, (5

N, and Nj are, respectively, the acceptor and donor
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concentrations and
Ny =22mrm*KyT /h?*)**Bexp(—E 4 /kzT),  (6)

where E ;4 is the acceptor binding energy and B=1 the
corresponding degeneracy factor. m™* is the density of
states effective mass.

Both ur [Eq. 4)] and pr [Eq. (5)] are experimentally
accessible quantities. They are functions of N 4, Nj, and
E,. As E 4 can be determined from freeze-out statistics,’
N, and Nj are left as the only adjustable parameters of
the model as they allow the computation of p; and prp
with Egs. (1)-(6).

Hlasnik,® on the basis of a previous work by Subashiev
and Poltinnikov,? derived the mobility p resulting, in a
Hall bridge, from mobility and concentration gradients
perpendicular to the surface of the sample:

fo‘pT(z)sz(z)dz
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pr(z) and u4(z) are, respectively, the total free-hole con-

()

centration and the mobility at a depth z. The corre-
sponding total free-hole concentration is
t 2
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In Egs. (7) and (8), the Hall factor 7y has been assumed to
be equal to 1. The computation of u and p requires the
mobility u,(z) [Eq. (4)] and the total free-hole concentra-
tion pr(z) [Eq. (5)] at any depth z in the sample. We
have shown above that those two quantities only depend
on E,, N,,and N. Although E ,(z) varies with N 4(z)
and the compensation,!! it is relatively constant at the
low doping levels that we will be considering,® and can be
extracted, as an average, from freeze-out statistics.
N 4(z) and Np(z) allow the calculation of pr(z) and
pr(z). pand p, which are experimentally accessible, then
follow from Egs. (7) and (8).

Figure 1 shows the SIMS profile of the Mg concentra-
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FIG. 1. SIMS Mg concentration profile of sample 1. The
thickness of the conducting layer of this sample is 20 um.
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tion ([Mg]) of sample 1. This sample is an Fe-doped sub-
strate, initially semi-insulating, on top of which a Mg-
doped epilayer was grown and then removed by chemical
etching. Consequently, the SIMS profile of Fig. 1 shows
the [Mg] as a function of depth that has resulted from the
diffusion of the dopant from the epilayer into the sub-
strate during the growth process. The [Mg] is constant at
a 10'7-cm ™3 level and extends 20 um into the substrate.

Figure 2 displays the SIMS profiles of the [Mg] of sam-
ples 2 and 3, which are InP epilayers grown on Fe-doped
substrates. Both samples show a sharp peak of [Mg] at
the interface with the substrate, which is at a depth
z1,=1.27 pm for sample 2 and at z;3=1 um for sample
3. An exponential increase of [Mg] from the surface of
the epilayers to the onset of the spikes is observed for
both samples. Sample 2, which is the most likely doped,
shows very weak Mg diffusion into the substrate. Sample
3, on the contrary, has developed a [Mg] plateau in the
substrate, due to diffusion, which extends to a depth
t;=1.54 um.

The study of the diffusion mechanisms that have led to
the [Mg] distribution of Figs. 1 and 2 is not required for
the present work. Some results on that matter have been
published,'? and others are in preparation. >

Sample 1 was found to be conducting and p-type by
Hall-effect measurements. The variation with tempera-
ture (T) of its total free-hole concentration is shown in
Fig. 3. The acceptor binding energy E 4 of this substrate
is quoted in Table I. It has been extracted from freeze-
out statistics® and is in good agreement with the value ex-
pected for a shallow acceptor in InP.® With E 4, Eq. (5)
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FIG. 2. SIMS [Mg] profiles of samples 2 and 3. For sample
2, the epilayer-substrate interface is at a depth z=z,,=1.27
um, and no significant [Mg] diffusion has occurred into the sub-
strate. For sample 3, the epilayer-substrate interface is at
z=z;3=1 um, and z=t; is the depth at which [Mg] diffusion
into the substrate has ended. The continuous lines are the
profiles that have been assumed for the computation of the Hall
parameters.
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FIG. 3. Temperature dependence of the mobility and the
free-hole concentration of sample 1. The continuous lines have
been generated with the parameters quoted in Table I. Free-
hole excitation to the valence band is observed about 280 K.

is a function of only N, and Nj. Sample 1 is uniform,
and Eq. (5) was fitted to the free-hole concentration pyg
of Fig. 3 with N, and N as adjustable parameters. The
numerical technique gave N ,4=5.2X10'® cm™* and
Nps=3.0X10"" cm™3. The corresponding continuous
line of Fig. 3 was generated with those values, and pro-
vided excellent agreement with experiment in the range
of 30-280 K.

Figure 3 also shows the mobility p,5 of sample 1 as a
function of T. With the values of E ¢, N 45, and Ny
previously determined, Eq. (4) has been used to calculate
the corresponding continuous line of Fig. 4, with excel-
lent agreement with experiment between 30 and 280 K.
prs could not be computed below 30 K due to too low
values of prg. At 300 K, theory is 20% above experi-
ment. The depressed room-temperature mobility of this
sample can be linked to the high-temperature increase of
prs observed in Fig. 3. A similar behavior has been re-
ported for n-type InP (Ref. 14) and GaAs (Ref. 15) sam-
ples, and has been attributed to deep energy levels. The
initial presence of Fe in the substrate, which is known to
be a deep acceptor in InP, could support such an inter-
pretation. The good agreement obtained between theory
and experiment suggests that 7y is close to one in this
case, and confirms previous observations on lightly doped
p-type InP samples.® The value N, =10!" cm 3, obtained
by SIMS (Fig. 1) for the [Mg] of sample 1 is different
from the Hall result (N ,=5.2X10' cm™3). This
discrepancy suggests that the Mg atoms are not all elec-
trically active. The electrical activity of Mg in InP is
defined as

TABLE 1. Results of the electrical transport analysis. C is
the electrical activity of Mg in the sample.

Np E,

Sample C (cm™3) (meV)
1 0.52 3.0X 10" 38.3
0.34 4.4x10% 40.9
3 0.45 1.3Xx10'¢ 37.9

FIG. 4. Temperature dependence of the mobility and the
free-hole concentration of samples 2 and 3. The continuous
lines correspond to the fits of the Hall transport model for
nonuniform samples to the data.

C=N44/[Mg], ©)

where N 4, , is the concentration of electrically active Mg
atoms. With the above results, we find C =0.52 for sam-
ple 1.

Figure 4 displays the free-hole concentration p(7') and
the corresponding mobility u(7T) for samples 2 and 3. We
denote f(z) the [Mg] distribution as a function of the
depth z. In order to apply Egs. (7) and (8) to the Hall
data of Fig. 4, several assumptions are required.

(1) We have shown that the Mg atoms of the substrate
are not fully electrically active. It is reasonable to assume
the same for the Mg atoms of the epilayers. We then
write

N p(z2)=Cf(z), (10)

where N 4;(z) is the concentration of the electrically ac-
tive Mg atoms in the epilayer. C is the corresponding
electrical activity.

(2) The residual donor concentrations in the epilayers
(Npg) are assumed to be uniform.

The continuous line of Fig. 2 (sample 2) represents the
analytical expression of f(z) that has been assumed for
the epilayer of sample 2. It was obtained by fitting two
exponential functions to the corresponding experimental
[Mg](z). In this case, as Mg diffusion into the substrate is
very weak (Fig. 2), its effects on the electrical transport
properties of the sample have been neglected. With con-
ditions (1) and (2), Egs. (7) and (8) are, for sample 2, func-
tions of C, Npg, and E 4, and f(z). An average binding
energy E, has extracted freeze-out statistics and is
displayed in Table I. This leaves C and Ny as the only
adjustable parameters of the model. The continuous lines
of Fig. 4 correspond to theory and were generated with
the values of Np; and C reported in Table I. The quality
of the fits suggests that the model used for the analysis is
satisfactory for sample 2, where a z variation of [Mg] of
one order of magnitude has been observed (Fig. 2).

Sample 3, in Fig. 2, shows a significant amount of Mg
diffusion into the semi-insulating substrate. In this case,
z =z, is the depth at the epilayer-substrate interface, and
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z=t, the depth at which diffusion has ended (Fig. 2). A
plateau of [Mg], 0.3 um wide (z,3 <z <t;), is present in
the substrate. We have shown, with sample 1, that this
[Mg] plateau alters the electrical properties of the corre-
sponding layer of the substrate from semi-insulating to
conducting. In the epilayer of sample 3 (0<z <z3), two
exponential functions have been fitted to the correspond-
ing [Mg] SIMS profile. They correspond to the continu-
ous line of Fig. 2 (sample 3), and provided, as for sample
2, an analytical expression for [Mg](z). We assume for
the conducting layer of the substrate (z,3<z <t;) the
same [Mg] profile as sample 1 (Fig. 1), which corresponds
to the horizontal line segment of Fig. 2 (sample 3). An
average E, has been determined from the freeze-out
statistics of sample 3 and is reported in Table I. N 5 and
Nps are known characteristics of the substrate, and al-
low, with E ,, the computation of p,(T) and p;g(T)
with the procedure described above: as for sample 2, C
and Np; are the only adjustable parameters in Egs. (7)
and (8). The fitting procedure provided the values report-
ed in Table I. In Fig. 4, p(T) (sample 3, continuous line)
was generated with those values in the range of 30-300
K. The corresponding u(7T) is displayed in the same
figure (sample 3, continuous line). Good agreement is
found between theory and experiment. Sample 3 shows
free-carrier excitation to the valence bands above 250 K,
with a depressed mobility at 7=300 K (Fig. 4). Similar
effects were observed for samples 1 and 2. The values of
C quoted in Table I show that the electrical activity of
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the Mg atoms of the epilayers increases with the doping
level. Table I also shows that the residual donor concen-
tration is low in the substrate. It is larger in the epilayers
and increases with the doping level.® The average bind-
ing energies quoted in Table I are reasonably close to
each other, as expected for lightly doped material. An in-
teresting feature of samples 2 and 3 is the fact that
despite their very different free-carrier concentrations
(Fig. 4), they have similar mobilities. Samples 1 and 3
have similar electrical properties (Figs. 3 and 4) despite
different [Mg] profiles (Figs. 1 and 2).

A Hall transport model, which takes into account
one-dimensional gradients of the mobility and the free-
carrier concentration of p-type semiconductors, has been
presented. With this model we have shown that different
doping profiles can yield similar electrical characteristics.
We have also shown that samples with different free-
carrier concentrations can give similar mobilities. The
nonuniformity of the samples is responsible for those
effects, which are predictable if the impurity distributions
are known. The model presented can consequently be
used to calculate the lateral electrical transport proper-
ties resulting from one-dimensional impurity distribu-
tions.
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