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Abstract

Strong surface inversion usually leads to deceptiak measurements by reflecting
typical n-type behaviour for p-type samples, esgcat very low doping
concentrations. A two-layer model is presented Wwicign potentially be used to
extract the bulk layer properties of a semiconduefblayer. We here apply this
model to two different materials, InAs and InAs8hgd extract their transport

properties.



Introduction

The ternary alloy InAsSh, has become an important candidate for long-waggthen
optoelectronic devices and optical gas sensoregifins due to its possible bandgap
range from about 0.1 to 0.36 eV [1, 2]. Furthernmtbeereported electron mobilities
for the undoped materials are very high compardld @aAs [3]. Therefore the
material also promises significant potential fayiispeed device applications. There
is particular interest in the alloy compositionmesponding to x=0.09 [4], which is
lattice matched to GaSb substrates and which qmmes to a room temperature
energy gap of approximately 4ufn, appropriate to cover the atmospheric window in
the wavelength range of 3g#n, where minimum absorption is present.

In this paper we report on the electrical propsrgeInAs and InAsSb layers grown
by atmospheric pressure metalorganic vapour phaitexg (MOVPE). The electrical
properties of the undoped InAs layers are evaluayedall measurements. The bulk
and the surface accumulation layer are treatedwae-tayer model, which allows the
extraction of mobility and carrier concentratiodues for the bulk of the epilayer.
These values are then compared to results obtaynedrared reflectance
spectroscopy. In addition to the properties of yredblayers, the incorporation of Zn
as a p-type dopant is investigated using the saeikads. As a source for p-doping,
the metal organic dimethylzinc (DMZn) was used.viRres reports show that
normally diethylzinc (DEZn) is used as a p-dopaure tb its lower cracking

temperature [5].

Experimental
In order to perform Hall measurments, the 1n#8h, (x<0.1) layers were grown on

semi-insulating GaAs substrates, misorientated biydn (100), at atmospheric
pressure using arsine, trimethylindium (TMIn) anchethylantimony (TMSb). The
substrate temperaturg; Was varied from 578C to 625°C . The V/IlI ratio has been
varied from 2 to 10, at a growth rate of ~grB/h. Growth of InAsSb, using a V/III
ratio of 2.1 gave the best results in terms ofr8riporation efficiency and
manageable arsine flow control (due to a limitegsidow controller range). A molar
flow rate of 6.5x18 mol/min was used for TMIn. P-type doping was aekitby
using DMZn (200 ppm in .



The GaAs substrates were not subject to any pnetbroeaning steps and were just
dusted with N after cleaving.

The concentration of Sb was obtained by x-ray aiffion using the 400 reflection.
The uncertainty in the measured Sb conteniis 0.02. The thickness of the InAsSh
layer was found by etching a cleaved sample in kama-etch for about 10 sec. The
etch line between the substrate and the InAsSly taydd then be resolved using a
Nomarski differential interference contrast micrgze. Measurements for undoped
InAsSb layers gave a thickness of .

The magnetic field response of the resistance fanéiall coefficient of the InAsSb
layers were studied over a wide range of temperatand magnetic field strengths
using the Van der Pauw technique. The ohmic contaete made of indium and
were annealed under,Mow for 5min at 35F°C. The samples were mounted on the
cold finger of a closed cycle helium refrigeratohich was positioned in an
electromagnet of maximum field strength<00.5 T. The data reading and
temperature control of the cryostat was procesgealdomputer.

The electron concentration and mobility of an Irefslayer at room temperature has
also been studied using infrared reflectance spsmtpy. The undoped InAs layer
(M3007) was grown on°Dff (100) InAs substrate, with a substrate tempeeaof
650°C and a V/IlI ratio of 5. The thickness of the agiér was measured to beud

by Nomarski differential interference method. Thiared reflectivity spectrum of
the layer was measured at 8tnesolution in the frequency range 200-1400'am a
Nicolet Magma 550 Fourier Transform Infrared (FTB)ectrophotometer.

Results and Discussion

Optical investigation of the surface morphologyngsa light microscope showed an
improvement in surface morphology with increasingwgh temperature. However,
for temperatures above 600 the Sb incorporation in the sample dropped [4)576
°C a greater amount of Sb was incorporated in thekaand the surface was found

to be still relatively smooth.



InAs

In order to establish and present two ways of nraagthe electrical properties of the
grown epilayers, the models for the two layer teffiéct analysis and the infrared
reflectance spectroscopy were first applied to lwis layers grown on GaAs. The
thicknesses of these layers areui®and 22um, respectively. Both layers were
grown at T = 650°C with a V/IIl ratio of 10. Transport measurensaf InAs are
known to be affected by strong surface accumulaitects due to a line-up of the
surface Fermi energy above the conduction band]relatively thin, high purity
layers, the accumulation layer results in sheetenimations that can be considerably
higher than the concentration of the bulk layenalf/]. The presence of the
accumulation layer results in a reduction in theesbed electron mobility determined
by conventional Hall measurements compared wittbthle value due to scattering at

the surface.

In order to quantify the carrier concentration amability for the surface layer and
bulk layer of the material independently a two laymdel has been applied. The
following expressions are defined by the two-layerdel of Nedoluha and Koch [8].
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Equation (1) states the zero-B-field conductivityte sample. Equation (2) gives the
Hall coefficient as a function of the magneticdi@ for an n-type surface layer on an
n-type epilayer and Equation (3) is an expressfahe@magnetoresistivity as a
function of the magnetic field. Here, e is the edeary charge and d is the measured
layer thicknessp, s nvsand dsare the mobility, carrier concentration and thicae
and the subscripts b and s denote the bulk andcgutayer, respectively. The surface

layer thickness can be approximated by the Debygthe For a specific temperature



all three quantitiesyo, Ry vs. B ant vs. B can be measured. To overcome the
problem of having more unknown variables than eqnatand therefore dealing with
an under determined system, the following new aggitdas been applied. First the

following set of variables is defined:
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Substituting Equations (4)-(8) into Equation (1)-¢8/es the following expressions:
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By inverting Equation (11), a straight line relaiship is obtained:
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From Equation (9), the parametecan be expressed in terms of measurable
quantities. By plotting/po vs. B, the slope and the y-intercept of Eq. (12) can be
obtained. Equation (10) was employed to obfaamdx. Onceq, S, y, 0 andx are
obtained, the problem can be restated as five eumsaand four unknown variables.
Thus wu,s,andn,scan be obtained by solving any four of the fiveatons
simultaneously. In this analysis, Equations (4), (6) and (8) are used. The analytic
process of determining S, y, 6 andx however, limits the accuracy of the results.
This implies that the possibility to choose difi@reombinations of 4 of these 5
parameters to calculatgs andn, s will lead to varying degrees of accuracy of the
results. Different combinations of the parametgpsctlly show a maximum

deviation of up to 33%, relative to any extractetle.



The resulting carrier density and mobility for thaface layer and bulk of the
material are presented in Table 1, together with ttam Ref. [10] for InAs grown by
molecular beam epitaxy. The results of the two+lawedel show that the carrier
concentration of the bulk of the epilayer is subt&ly lower than the carrier
concentration of the surface accumulation layesoAthe mobility of the bulk layer is
higher than that of the surface layer, and thegores of the surface layer lowers the
values for mobility when the conventional Hall etjoas are used. The peak
mobilities for the bulk of the material at 80 K~sL00,000 crffVs, indicating that the
material quality is comparable to what has beeripusly achieved by MOVPE [7].
The electrical properties of the surface accumuteltyer do not show any

dependence on temperature [9].

Figure 1 shows the measured reflectivity spectréfayer M3007 (InAs/InAs) and a
best fit simulation spectrum obtained using a dene free, non-linear regression
curve fitting computer program.

Fitting these measured results with an oscillabomiila allows for the dielectric
properties of the InAs epilayer and the substmatectassessed simultaneously [11].
Including the layer thickness, a total of 13 valkalfor both the epilayer and its
substrate are obtained. Solving the complex digtefttnction for layer and substrate,
it was possible to extrapolate the data towardetomavenumbers and determine the
carrier concentration and mobility for layer antdstwate from the plasma resonance
frequency and free carrier damping constant. Thelt®from the computer curve
fitting are presented in Table 2, along with theutes from conventional Hall
measurements performed on an InAs substrate. Ttreeceed carrier concentration
and mobility of the layer are in reasonable agregmah the values afi, and 4,
extracted from the two-layer model for the layescdssed above (grown under similar
conditions).The values from the simulation for the InAs sulistedso show
reasonable agreement with the Hall results. Ihsakn that electrical and optical

techniques sometimes do not yield exactly the saahees [12].



INAsSh

The presented two layer model has been adoptabtddreatment of the InAsSb
layers. Two series of layers are considered: whstsate temperature during growth
was 575°C for series 1 and 62% for series 2 while the corresponding V/III ratios
were 2.5 and 10, respectively. Hall data were abthfor both series of layers. By
measuring the resistivity, the Hall voltage andia coefficient the carrier
concentration and the mobility of the semiconduataterial were obtained. The

average carrier density and mobility derived frdma tlata is shown in Fig. 2.

Hole concentration of up to p = 1x£6m™ were measured in Zn doped layers. As
with unintentionally doped alloys, the hole-molyilwas low for the Zn doped layers
and ranged between 105 and 78fs. These results compare very favourable with
mobilities measured for similar hole concentratitorsMOVPE grown GalnAsSb:Zn
[13] and InSb:Zn [14].

The average carrier density for low Zn concentration-type and almost constant at
1x10"" cm®. For increased Zn flow during the growth procéssresulting INAsSb
layer becomes p-type and the carrier concentraticreases. An average carrier
concentration of up to p = 1xicm?® has been measured for a Zn flow of 75 cc/min
at a V/lll ratio of 2.1. For lower growth tempereda (series 1) a higher average
carrier concentration is achieved compared todiiers grown with the same zinc
flow from series 2. The reported carrier conceigraéxtracted for the bulk of the
undoped InAsSb layer (M3172) is considerably highan the bulk carrier
concentration obtained for the InAs samples; this gossibly be attributed to more
defects in the ternary material. The lower mobilityor the InAsSb layer compared
to the InAs epilayer seems to confirm this assuomptit also has to be mentioned
also that even though to the extrapolated molslite all three layers under
investigation stays the same, the number of defetrtsduce by zinc doping show
show an effect on the mobility value. Here the nhatkarly does not take any

intermediate layers between the surface and tHeibia consideration.



The bulk carrier concentration for sample M3174doet seem to show a
compensation effect of the incorporated zinc onikrénsic doping levelpn, for

sample M3180 however, shows an indication of coraggon.

In the present study the two-layer model is onlgligol to n-doped layers. The model
could be easily adapted to accommodate p-dopedslayith an n-doped surface
accumulation layer but unfortunately all heavily @ped layers that were available
for this study do not show any or very weak B fidgbendence of the Hall coefficient
for B < 0.5 T. This is due to the fact that for ppand low mobilities much larger B-

fields are necessary to measure this effect [15].

The results obtained by applying the two-layer niéalédow doped layers are shown
in Table 3. For sample M3172 no zinc flow was pnéesed hall measurements
indicate that this layer is unintentionally dopeithva free carrier concentration at
room temperature in the bulk layer of n = 9.7%10n°. Sample m3174 and m3180
are doped with a Zinc flow of 1.5 cc/min and 7.5wia respectively. For INAsSb
layers, the two-layer model shows that the caowercentration of the bulk of the
InAsSb epilayer is lower than the carrier conceitreof the surface accumulation
layer and also by one order of magnitude lower tharcarrier concentration
extracted from conventional Hall measurements. mbbility of the bulk layer is
higher by one order of magnitude than that of tiéese layer, and the presence of
the surface layer lowers the values for mobilityewlthe conventional Hall equations

are used.



Conclusion:

The electrical properties of undoped InAs layeesearaluated from Hall
measurements by using a new analysis method basadvwmn-layer model. The
results are compared with conventional Hall measerd results and values obtained
by infrared reflectance spectroscopy. Electron eatrations at room temperature of
~10" cm® have been achieved and confirmed by measuremgtits plasma
resonance minima in the infrared reflectance spetitsing the presented two-layer
model, the electrical properties of undoped InAaBb p-type doped InAsSb are also
investigated. The results of the two-layer modelsithat the carrier concentration of
the bulk of the epilayer is substantially lowerrilibe carrier concentration of the
surface accumulation layer. While the presentediyaisahas so far only been
successfully applied to n-type doped layers, tralahility of a higher magnetic field
should prove the model useful also for the chareetgon of p-type material. The
analysis can also be a very useful tool to invastigow p-type doped or almost

compensated layers for the use in long-wavelendthried detector applications.
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Table 1. Comparison of results obtained for two InAs/GaAs layer swith those of
Wang et al [10].

d T(K) nCm) nCmd)  n(enP)  p(enfiVs) Wy (CPVs) i (crf/Vs)

16um 80 3x10' 3x10 1x10'**  5x10° 1x10° 2x10"
22um 81 1x10'® 2x10 3x10®  7x10° 1x10° 3x10"
17um* 77 1x10" 2x10' - 2x10 2x10° -

& Carrier concentration and mobility given in Wangkg[10] for a 1um InAs film grown on GaAs by

molecular beam epitaxy. These results were obtaised cyclotron resonance measurements.
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Figure 1. Reflectance spectrum of M 3007, together with computer simulation
result.



Table 2: Carrier concentration and mobility for layer and substrate (sample

M 3007) obtained by infrared reflectance char acterization (Simulation).

Transport parameter s obtained by conventional Hall measur ements ar e also

shown for comparison (M easured).

Sample Simulation Measured
M3007 n(cm®) p(crhv?tsh n(cm®) p(crhv?sh
Layer 1x10° 6x1b
Substrate 1x 108 3x 19 2 x 10® 1x 10
6000 r
{1E19
5000 |
4000 |
= u (n-type; layer 1)
— [+ O p (p-type; layer1)  {1E18
g 3000 - e u (n-type; layer 2) &
£ o u (p-type; layer 2) 5
) A n (n-type; layer 1) 9
2000 - A n (p-type; layer 1) CR
= 2 n En-type; :ayer g JiF17
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Figure 2: Electrical properties of two series of InAsy.91Sb0.00, grown at differ ent

temperaturesand V/III ratios as a function of nominal Zn flow. The two straight

linesare a guideto the eye.



Table 3: Summary of the parameter s extracted for the bulk and surface layer,
using the two-layer model.

zinc conc.

Sample | (umol/min) | d(um) | T(K) ng(cm?) np(cm®) nicm® | udcm?/Vs) | py(ené/Vs) | u(cn/Vs)

M3172 0 73 | 300/ 3x10%° 1x10° 7x10" 2x10° 2x1d 8x10°

M3174 67 | 92| 7x10° 8x10" ox10'® 2x10° 2x1d 7x10°
0.013

M3174 6.7 | 300| 4x10'° 1x10° 1x10’ 2x10° 2x1d 6x10°

M3180 0.063 33| 300 6x10° 6x10" ax10’ 2x10° 2x1d ox1d




