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MULT I-LAYER MODEL OF InAs EPILAYERS

H. A. WASHBURN
PHYSICS DEPARTMENT
COLORADO STATE UNIVERSITY

FORT COLLINS, CO. 80523

SUMMARY

The charge carrier transport coefficients of an inhomogeneous,

thin semiconductor in a MOS structure were obtained using a multi=-

layer model.

The expression for the Hall coefficient of a three-layer

system extended to arbitrary strength magnetic fields was used to se-

parate the bulk transport parameters from the parameters describing

transport at the two surfaces.

Experimentally, a gate voltage was used

to vary the surface under the oxide from depletion to accumulation and the

Hall coefficient measured as a function of magnetic field. The charac-

teristics of the back surface were obtained with the front surface held at

the flatband condition.

The variation of the front surface parameters
with gate voltage was obtained with the front surface in accumulation.

The measurements were made on a MOS structure consisting of an InAs epi-

layer deposited by VPE procedures on a semi-insulating GaAs substrate
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l. INTRODUCTION

InAs epilayers grown by VPE procedures on semi-insulating GaAs
substrates have exhibited nearly bulk-like electrical characteristics!»2,3
even though there is about a 7y lattice mismatch between the two materi-
als and the front surface, whether free3 or covered with an oxide?, is
normally accumulated. Thé InAs-GaAs interface has been shown to have a

compositionally graded region* and the front surface is thought to con-

tain a combination of fast and slow surface states®. |t is thus expected
that the carrier density and mobility in the epilayers will exhibit
spatial inhomogeneities in the direction perpendicular to the fiim.

In order to understand the electrical transport in these epilayers
and the influence of spatial inhomogeneities, a model of the epilayer is
presented (see fig. |(c)) which assumes three parallel, non-interacting

layers: a region with bulk=|ike properties bounded by a front surface

layer (surface |) and an interface layer (surface 2). The magnetic
field dependence of the Hall coefficient calculated for this model, when
combined with the gate-voltage control of surface | from accumulation
through flatband condition into depletion, provides a means of determin-
ing the transport parameters for the three layers. The advantage of the
present method is the additional information obtained, non-destructively,
about the transport coefficients in the InAs-GaAs interface region.
2. THEORY

A schematic of the three-layer model is shown in Fig. | (c). The
Hall coefficient for arbitrary magnetic field strength and an arbitrary
number of parallel, non-interacting layers has been derived®:’. For the
case of three layers with predominantly one carrier type (in the present

case, electrons) it is given by




e
2
g x
Rh(B) W e (1)
(x2 +x%) B
1 2
where
2
g g nidiui : L )3: nidiuiB2
2 » 2 ’
1 {=1 1+uiB 2 i=1 1+ uiB

nidi is the carrier density per unit area of the 1th layer, My is the

corrseponding Hall mobility, B is the magnetic induction normal to the
3
plane of the epilayer, and d= I, d, is the film thickness. In the following,

i=] 41

the subscripts i = sl,b,s2 will be used, corresponding to surface 1, the
bulk-like layer, and the interface layer respectively.

For a given carrier density at surface 1 the limiting values of
Eq. (1), Rho and Rhu for B+ 0 and B + » respectively, the value of the
magnetic induction, BB' for which Rh(nk) = lg(Rh° + Rhﬁ) , and the conductance,
o, at B = Oycan be used to determine? the parameters nbdb and My of the
bulk-like layer and another set of parameters, <“sds> and <Ug>» which describe
a high carrier density, low mobility layer and are assigned to net surface

parameters assumed to include the effects of both surface 1 and surface 2.

Namely, it is assumed

<nd>=nd +n d,
s s s) 8

1 82 8 )
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Varying the carrier density, and thereby the carrier mobility,

of surface 1 causes a variation in the net surface parameters which




) R ————-—

can be observed by measuring the conductivity and the Hall coefficient
as a function of magnetic field. In particular, when surface 1 is
brought into flatband condition “sldsl = 0 and the &e surface
parameters in Eq. (2) reduce to n dsZ and u52 respectively.

82

It should be noted that at flatband there is remaining in the sur-
face layer a carrier density corresponding to the bulk level. This
yields a density per unit area which is comparatively small and its ef-
fect can be formally included in the bulk layer's parameters.
3. EXPERIMENTAL PROCEDURES

The InAs epilayers were 15um thick and were grown by chemical vapor
phase transport on semi-insulating GaAs substrates!»2:8, A silicon di-
oxide insulating layer about 2000 & thick was deposited by the low tem-
perature pyrolysis of silane and aluminum gates were deposited which
covered the entire "active'" area of the devices as shown in Fig. 1(a)
and 1(b). The measurements reported in subsequent figures were obtained
from a low carrier density bridge shaped sample at 77K, Fig. 1(b), al-
though measurements on cloverleaf samples, Fig. 1(§), and other samples
which had only partial gate coverage gave qualitatively similar results.

The capacitance-voltage measurements were similar to those obtained
by others® in that the flatband condition occurs for large negative gate
voltages and appreciable hysteresis is present. Al]l measurements reported
were made as a function of decreasing gate voltage, each voltage setting
being held until equlibrium was reached. This often took about 15 seconds

for voltages in the depletion region. Flatband gate voltage was found®

Cox- c

c
oxide capacitance was determined in the full accumulation region. For the

from the extrapolated intercept of ( )2 versus (vg-vox) where the

present sample v!B = =46 V.




'The conductance and Hall coefficient were measured as functions of gate
voltage and magnetic field using constant d.c. applied currents of 100uA or
1 mA. Gate voltages were derived from a battery and voltage divider and
magnetic fields were obtained from a superconducting magnet or, for B < 10 kguass,
from a standard electromagnet. All voltage measurements were made using 43 or

I 5% digit digital voltmeters with input impedances > 1010 ohms.

4. RESULTS AND DISCUSSION
The Hall coefficient as a function of magnetic field is shown in Fig. 2

for two representative gate voltages, one (-45 V) near flatband, the other

(+40 V) in the full accumulation region. The net surface parameters as de-
! scribed above were calculated for each gate voltage and are given in Fig. 3.
The carrier densities and mobilities at the front surface derived from the data
in Fig. 3 using Eq. (2) are shown as the open circles in Fig. 4. The bulk layer,
the interface layer, and the front surfacg for Vg > VFB are all n-type.

From Fig. 3 it is noted that the carrier density and mobility for Vg < VFB

&
3

are essentially constant. This is in agreement with the model since in this

gate voltage region the front surface is in depletion and thus contributes
little to the transport. Thus, according to the three~layer model presented
above, the effective surface parameters in this gate-voltage region are due to

electrons in the InAs-GaAs interface layer. Sincen_d_ = <n d_>_. and
82 8 s s FB

s, = “Ys"FB the data in Fig. 3 give n_d_ = 2.23 X 10!3 cm 2 and u__ = 2.29 X
87 87 L)
.’ 103 cm?/V-sec. It is thought that the large carrier density and low mobility
in the interface region ds'due to defects resulting from the lattice mismatch.

The parameters determined for the bulk layer are n, = 1.17 X 10!5 cm 3
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and u, = 1.22 X 10° cm?/V-sec.

Fig. 4 exhibits the expected results when the front surface is in full
accumulation!?. That is, for increasing accumulation the carrier density
increases and the mobility decreases. Perhaps not obvious from Fig's 3 and 4
is the fact that the carrier density from flatband to about -30 V, while
changing very little, nevertheless increases monotonically. The fromt
surface mobility, usl. in Fig. 4 exhibits a maximum near -32 V and then
decreases as Vg approaches VFB' While this behavior was observed in most
of the samples measured, it is not considered conclusive since the accuracy
with which usl is calculated from Eq. (2) depends on nsld81 which near
flatband approaches zero. Further, <nsds> is determined by the high
magnetic field saturation value of the Hall coefficient3, Rhw, which as
seen in Fig. 2, has not been reached at B = 60 kgauss and must be obtained
by extrapolation of the Rh versus B curves. Thus the dependence of <nsds>.
and consequently n”dsl which is obtained by simply subtracting nszdsz
from <n‘d.>, on Vg is essentially that observed at 60 kgauss and may,
in fact, change at higher fields thus appreciably affecting u.l near flatband.

Also plotted in Fig. 4 are the values for the front surface parameters
obtained using the gate voltage dependence of the zero field limit of the
Hall coefficient and conductivity7: This method uses a two-layer model in
which the bulk and the interface are combined and described by one set of
parameters. The good agreement of the front surface parameters obtained
from these two analytical methods tends to support the applicability of
the three-layer model to the InAs epilayers. The agreement is particularly

remarkable since the use of high magnetic fields should require the

consideration of interactions between layers, multi-band effects, and spatial

inhomogeneities in directions other than normal to the plane of the film!'l,




The solid lines in Fig. 2 were calculated from Eq. (1) using the
parameters derived above for the appropriate gate voltages. The calculated
curves describe the general behavior of the Rh(B) data although the data
are more "smoothed out”. A general result i{s that the three-layer model
can be made to fit the data better than the two-layer model}?, particularly
in the high field region. The next logical step is to use many layers,
such as by profiling the interface region with a quasi-continuous density
and mobility distribution, to provide a better fit to the Rh(B) data.

This has been done with an attendant improvement in the fit to the datal?,
but the validity of any such modeling requires independent confirming
evidence.

In the analysis of the data it has been assumed that the bulk layer
thickness is much larger than the thickness of either surface layer. The
front surface should have a thickness on the order of a Debye length, which
for these InAs epilayers at 77K is about 6008. The interface layer thickness
is not known. The compositionally graded region is about 1500 £ thick",
but if the carrier density is primarily due to defects!? and assuming the
defects propogate somewhat into the epilayer then there may not be a
correspondence between the composition gradient and the electrical gradient.
Thickness dependence measurements of the electrical properties!?’!3 have
not been able tq determine thé interface layer thickness except to estimate

an upper limit of about 3 um.’

5. CONCLUSIONS

The Hall coefficient and conductivity of InAs epilayers have been
measured as a function of gate voltage and magnetic field and have been
analyzed in terms of a three-layer model. The agreement of the results

for the front surface carrier densities and mobilities as a function of
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gate voltage with those obtained by a more conventional method confirm
that the three-layer model is a reasonable approximation to the spatial

inhomogeneities present in the InAs epilayers.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Sample configurations, (a) cloverleaf and (b) six-arm bridge,
with the gate area cross-hatched. (c) Cross-section of the
sample including schematic representation of the three layers
used to model the epilayer.

Magnetic field dependence of the absolute value of the Hall
coefficient. The open circles are data points for the two
indicated gate voltages, each set being connected by the

dashed curves. The solid lines are calculated from the
three-layer model.

Net surface carrier density and carrier mobility versus gate voltage.
Front surface carrier density and carrier mobility versus gate
voltage. The open circles were obtained from the three-layer
model, the solid circles were obtained from a low-field two-layer

method’.
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