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Temperature dependent Hall measurements were used to investigate the role of unintentional
interfacial dopant layers on the electrical properties of high purity InP. Secondary ion mass
spectroscopy was used to measure the level of Si contamination present in several samples at the
substrate-epilayer interface. We show that the presence of interfacial dopant gives rise to two layer
conduction whose temperature dependence mimics the freezeout behavior expected for a deep
donor. However, the magnetic field dependence of the Hall data at low temperatures shows the
expected behavior for the two layer model, including an order of magnitude variation in the apparent
sheet concentration and Hall mobility over the range from 0.1 to 0.6 T at 77 K. We show that the
true bulk mobility and carrier concentration can be accurately determined in samples with high
interfacial contamination by performing Hall measurements at several magnetic fields at 77 K.
© 1996 American Institute of Physics.@S0003-6951~96!03214-4#
Control of residual impurities is a key issue in the fab
rication of compound semiconductor devices based on Ga
and InP. In recent years the technique of metalorga
chemical vapor deposition~MOCVD! has achieved great
success in reducing impurity incorporation to extremely lo
levels. Hall methods are often a primary characterization to
giving valuable information regarding the cleanliness of th
reactor and the source chemicals. In this letter, we indic
an important pitfall of performing such Hall measurements
one value of the magnetic field. We show that the presen
of an interfacial dopant layer at the epilayer-substrate bou
ary can give rise to anomalous Hall data, which can lead
several wrong conclusions regarding the electrical proper
of the bulk material. Interfacial dopant layers have serio
detrimental implications for devices, especially if regrowth
required. Devices which depend upon a high purity buff
layer, such as high electron mobility transistors~HEMTs!,
field effect transistors~FETs!, and metal-semiconductor-
metal ~MSM! photodetectors are especially sensitive to im
purity spikes at the epilayer-substrate interface. For examp
impurity spikes in HEMTs or FETs can cause difficulties i
obtaining good pinch-off characteristics resulting in inferio
noise properties. In this letter, we show that a proper analy
of Hall measurements can be used to assess the degre
interfacial contamination of epitaxial layers as well as pr
viding a technique for measuring the true bulk electric
properties.

The role of two carrier or two layer conduction in inter
preting Hall measurements has been reviewed by Stradlin1

Intrinsic two layer conduction is commonly observed in na
row gap semiconductors such as InAs which suffer from
accumulation layer at the surface due to the lineup of t
surface levels with respect to the conduction band minimu
A semiclassical model for the general case of two paral
conducting sheets is presented in Ref. 1. This model assu
a Hall factor of unity. In the case of two conducting layers
and 2 the apparent sheet concentration and Hall mobilit
are given by
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wherem i andni are the electron mobility and sheet concen-
trations for each of the two layers. An important prediction
of these expressions is a very strong variation innt andm t

with magnetic field if there is a large difference between
m1 andm2 . These expressions have been applied with suc-
cess to the case of the narrow gap material InAs.2,3 In the
present work we examine a qualitatively similar situation of
high technological importance involving the presence of a
well-characterized Si impurity layer at the substrate-epilayer
interface during growth of high purity epitaxial InP on semi-
insulating InP. In our case one of the layers is the very high
mobility bulk InP epilayer, the other is the unintentional
d-doped layer containing Si which is often observed by
SIMS measurements at the epilayer-substrate interface.4,5 In
the present work we look at the magnetic field dependence of
the Hall data for such a system, in conjunction with SIMS
measurements, and show how quantitative information re-
garding the properties of both the bulk and interface layers
can be obtained.

Growth of InP was conducted using low pressure
MOCVD at a pressure of 75 Torr and a temperature of
630 °C. Palladium purified hydrogen was used as the ambi-
ent gas, with phosphine and trimethylindium precursors at a
V:III ratio of 230:1. All samples were grown under identical
growth conditions using whole 50 mm diam wafers of~100!
oriented Fe-doped InP, where 4.0mm of undoped InP was
grown at a rate of 1.2mm/h. Substrate preparation was iden-
tical in all cases and included immersion in 5:1:1
H2SO4:H2O2:H2O.

Measurements of the sheet concentrations of Si and O
were determined by secondary ion mass spectroscopy
~SIMS!, using a Cameca IMS 4f microanalyzer with a Cs1

primary beam source. The detected ions were28Si and16O
6/68(14)/1960/3/$10.00 © 1996 American Institute of Physics
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TABLE I. Hall data for three different 4mm samples taken at a field of 5000 G together with SIMS concen
trations of Si and O at the substrate epilayer interface.

Sample
no.

n~293 K!
(cm22)

m~293 K!
(103 cm2/V s!

n~77 K!
(cm22)

m~77 K!
(105 cm2/V s!

SIMS@SI#
(1012 cm22)

SIMS@O#
(1012 cm22)

1 5.731010 4.9 4.831010 1.6 0.40 ;0
2 9.131011 2.7 3.031011 0.37 5.3 8.6
3 1.231012 2.4 3.431011 0.27 7.1 6.0
es
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negative secondary ions, calibrated using a Si implan
standard. The oxygen sheet concentration is estimated.
measurements were performed using the van der P
method. A Hall factor of unity was assumed in all calcu
tions.

Table I shows a brief summary of transport and SIM
data for three samples reported in this study. All samp
were grown under similar conditions. Hall measurements
sample 1 show a significantly lower apparent sheet conc
tration than samples 2 and 3. However, low-temperat
photoluminescence measurements show no appreciable
ference between the samples, with very sharp donor bo
exciton transitions,6 and in addition there is no appreciab
difference between the bulk SIMS data for the three epil
ers. The 77 K mobility of samples 2 and 3 are significan
lower than for sample 1. The lower mobilities and high
apparent bulk concentrations of samples 2 and 3 corre
well with a high level of interfacial Si and O contaminatio
as measured by SIMS. An interesting feature is the la
drop in the apparent bulk concentration as the measurem
temperature is decreased from 293 to 77 K, suggestin
first sight some form of deep donor freezeout.

Figures 1~a! and 1~b! compare the measured sheet co
centrations of a sample without interfacial contaminat
~sample 1! and with interfacial contamination~sample 3!.
Sample 1 shows the typical freezeout behavior observed
high purity bulk InP. The observed activation energy of;6.8
meV obtained for the 100 G data agrees reasonably well w
the predicted effective mass donor binding energy of 7
meV. The temperature dependent sheet concentration
for sample 3 are strikingly different, and are shown in F
1~b!. The data show a strong drop starting from 293
which is close to exponential in 1/T down to 100 K. This
would appear to indicate some sort of freezeout beha

FIG. 1. Sheet concentrations vs temperature at two different magnetic fi
for a sample with~a! low levels of interfacial Si and O and~b! high levels
of interfacial Si and O.
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ted
Hall
auw
la-

S
les
of
en-
ure
dif-
und
le
ay-
tly
er
late
n
rge
ent

g at

n-
ion

for

ith
.31
data
ig.
K,

vior

with an activation energy of around 31 meV. However, at
temperatures below 10 K, the sheet concentration increas
again, back up to its previous room-temperature value. In
addition, a very strong dependence of the sheet concentratio
on magnetic field is observed. The lack of freezeout at low
temperatures is consistent with the high level of interfacial S
contamination measured by SIMS. The present data can b
easily explained in a two layer picture in which the interfa-
cial Si contributes a high sheet density, low mobility shunt
layer. The low mobility layer suppresses the measured mo
bility and increases the observed sheet concentration com
pared with samples without an interfacial layer. The mobility
of the interfacial layer will be essentially temperature inde-
pendent. In contrast, bulk high purity InP has a strong varia
tion in mobility with a maximum near 50 K. Thus, in the
vicinity of this temperature, the conductivity of the bulk
layer becomes high, resulting in a drop in apparent shee
concentration due to the fact that a large fraction of the elec
tron current now flows through the high mobility layer.

The temperature dependent Hall mobility data for
sample 1 are shown in Fig. 2~a!. The behavior is very similar
to previous reports of high purity bulk InP. A very small
dependence on magnetic field is observed for this sample a
expected for a single carrier, single layer material. In con-
trast, the Hall mobility data for sample 3 show a very strong
dependence on magnetic field. The discrepancy between th
two fields is largest at temperatures between 10 and 100
where the bulk mobility is largest. The mobility data at the
lower magnetic field are also in close agreement with the
mobility data for the layer without interfacial contamination.
As will be shown below, this indicates that the bulk proper-
ties of the two layers are very similar.

The 77 K magnetic field dependence of the carrier con
centration for samples 1 and 3 is shown in Fig. 3. The high
purity sample without the interfacial layer~open symbols!

elds
FIG. 2. Hall mobility vs temperature for samples without interfacial con-
tamination~a! and with interfacial Si, O contamination~b!.
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shows a small variation over the field range 100–6000
which is likely explained by a small field dependence of t
Hall factor, r H at this temperature. The low field limit of th
Hall mobility is 1.63105 cm2/V s confirming the excellen
quality of this material. In contrast, sample 3 shows a v
strong field dependence in both the mobility and sheet c
centration of nearly an order of magnitude~closed symbols!.
This variation is much too large to be accounted for by H
factor variations. The solid curve in Fig. 3~b! represents a
least-squared fit to the data based on expression~1!. The bulk
sheet concentration, bulk mobility, and surface mobility we
used as adjustable parameters, while the sheet electron
sity from the Si interface layer was estimated from the l
temperature limit of Fig. 1~b! to be 1.031012 cm22. Using
this value, we obtained values for the bulk sheet concen
tion and mobility of 5.031010 cm2 and 1.53105 cm2/V s,
respectively. The fitted surface sheet mobility of 2
3103 cm2/V s is somewhat higher than the low-temperatu
value of ;13103 cm2/V s obtained from Fig. 2~b!, and
may indicate a small temperature dependence of this q
tity. The bulk transport values for this sample agree v
well with those obtained for sample 1, which has negligib
interface contamination. This is proof that the bulk purity
the two layers is essentially identical, and that the strikin
different Hall properties are the result of the interfacial lay
in sample 3. This is also consistent with the lack of a diff
ence between the PL spectra of the two samples.

The analysis presented here indicate that meaningfu

FIG. 3. 77 K Hall mobility and sheet concentration as a function of m
netic field for samples 3~solid symbols! and 1~open symbols!. The fits to
sample 3 which has interface contamination, are based on the two
conduction model described in the text.
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timates of the bulk mobility and carrier concentration can b
obtained even in samples with high interfacial donor co
tamination, provided the magnetic field is below 500 G
Most routine Hall measurements are performed at a sin
field of around 2000–5000 G, in which case serious erro
can arise regarding the bulk properties of epitaxial films.

The value for the Si donor density determined from th
Hall analysis is almost an order of magnitude lower than th
obtained by SIMS. Similar discrepancies are commonly o
served for activation of bulk donors. In addition, the pre
ence of high levels of oxygen at the interface may have t
effect of compensating some of the Si donors. Finally, t
semi-insulating substrate certainly should deplete some
the electron density from the interfacial layer.

We have identified two conditions under which interfa
cial Si and O contamination of the type reported here occu
The two contaminated samples 2 and 3 were grown in t
presence of a very small leak in the inlet manifold to th
reactor. Correction of this problem immediately resulted
the elimination of the interfacial layer in subsequent sampl
We have also observed similar contamination effects if t
wafers were exposed to ambient air for long periods of tim
prior to growth.

In conclusion, we have shown that Hall measuremen
are capable of providing detailed information regarding th
presence and sheet density of unintentional interfacial el
trical impurities in epitaxial growth. With simple field depen
dent Hall measurements it is possible to extract both the b
and interface carrier densities and mobilities in epitaxi
semiconductors. Without a careful analysis of the field d
pendence of Hall data, it is possible to arrive at erroneo
conclusions regarding bulk purity levels, including the obse
vation of fictitious deep donors.
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