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The electrical properties of the mismatched interface between InAs and GaP have been investigated.
High-resolution transmission electron microscopy images show the presence of strain relieving, 90°
misfit dislocations at this interface. Hall measurements and electrochemical capacitance—voltage
profiling indicate the presence of a high-density sheet of carfelectrons and holgsat the
interface. A linkage is drawn between interfacial carriers and misfit dislocations. A model based on
Fermi-level pinning in InAs at the interface by misfit dislocations is proposed to account for the
observed electrical behavior. ®998 American Institute of PhysidsS0003-695098)04016-9

The growth of epitaxial layers on lattice-mismatched morphology and growth rates during the deposition. Finally,
substrates is a topic that has attracted considerable researmtb nm capping layer of undopedglghlyAs was grown
interest. The modes of epilayer growth and the associatedbove the InAs layer. Samples with varying thickness of
strain relief through the formation of interfacial misfit dislo- InAs in the range of 5-30 nm were grown in this manner.
cations have been studied for a variety of semiconductor sys- The electrical behavior of the InAs layer and the InAs/
tems. Most of the attention has been focused on avoidingaP heterointerface was examined, with emphasis on under-
high interfacial and threading dislocation densities, as thesstanding electrical activity of the misfit dislocations at the
defects are known to adversely affect device performarice. interface. Lateral conductivity and depth carrier profiling
Comparatively few studies have been carried out on the elegvere employed to characterize the InAs layer. The interface
trical activity of misfit dislocations in IlI-V heteroepitaxial structure was investigated using high-resolution cross-
systems. Similarly, electrical properties of mismatched intersectional transmission electron microscoyRTEM). A
faces have not been well characterized. model based on Fermi-level pinning at the interface by misfit

In the present study, we have investigated the direcHjsiocations is postulated to explain our observations.
growth of InAs on(001) GaP substrates. This system dis-  Cross-sectional TEM studies were performed using a
plays unique properties due to the high mismatch in latticejeor 2000 FX microscope with a beam energy of 200 keV.
parametef11%) as well as the large difference in band gapThe samples examined maintained an epitaxial relationship
(InAs: 0.36 eV; GaP: 2.26 ¢V The strain due to lattice petween InAs and GaP in all cases. Figure 1 shows a
mismatch is relieved by the formation of a regularly spacedyrTEM micrograph of the InAs/GaP heterointerface. A
(~4nm) array of(predominantly 90° pure-edge misfit dis- aqyjarly spaced array of predominantly 90° misfit disloca-
locations at the InAs/GaP interfateThe large band offset {ions oriented along110) direction is clearly visible at the
between InAs and GaP creates a large confining potential erface. The portions of the interface between the disloca-
the interface, which ensures that the heterojunction is dejong appears to be atomically smooth and free of distortions.

pleted of carriers. _ Thus, HRTEM shows that the main structural defects at the
InAs was grown or{001) GaP by solid-source molecular interface are 90° misfit dislocations

beam eplt_aX)(MBE_) using a Varian GEN-II MBE system. Hall-effect measurements were performed at room tem-
Commercially obtained001) GaP substrates were thermally
cleaned in the growth chamber undePga over pressure. A
100 nm GaP buffer layer was grown followed by the growth
of a 20 period superlattice consisting of 5 nm alternating
layers of GaP and AIP in order to prevent the outdiffusion of
sulfur from the substrate. Finally, a 200 nm buffer layer of
p-GaP (3x 10'® cm™3) was grown. :
An undoped InAs epilayer was grown at 350 °C. The §*
first few monolayers of InAs were grown under low V/III
beam flux ratios to promote a smoother interface. Reflection

high-energy electron diffraction was used to monitor surface

FIG. 1. HRTEM micrograph of an InAs epilayer grown on GaP displaying
an interface with a regularly spaced array of 90° misfit dislocati@ms
3Electronic mail: gopal@ecn.purdue.edu rowed.
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TABLE I. Sheet carrier concentration and Hall mobility data for InAs ep- (a)
ilayers of varying thickness grown on GaP at room temperature and liquid-
nitrogen temperature. Ec
Room temperature 77 K 30 /’__—
InAs Sheet Hall Sheet Hall —~ | E:
R . .. . .. S nAs [GaP i
Sample Thickness density mobility density mobility T I e
No. (nm) (ecm™?)  (cm?Vs) (emd)  (cmPVs) ) -4.0 -
2 — -
1 5 1.5 x10'3 40 1.5 x10'% 25 & . EF
2 10 1.2 x10" 500 1.0 10" 360 = Ev
3 15 0.75¢10% 335  0.7%10% 310 w0
4 20 1.0 x10"® 460 0.9 x10% 430
5 30 0.7 x10% 795 0.6 x10% 730
-6.0 ' . .
0.0 1.0 20 3.0 4.0 5.0
Depth (um)
perature and at 77 K using both a Hall bar and a standard van ®

der Pauw geometry. The Hall bars were transferred by pho-
tolithography on the samples, followed by a Ti/Au metalli-
zation and mesa etching. For the van der Pauw measure-
ments, approximately square specimens were cleaved and In
dots were alloyed at the four corners at 300 °C in an inert gas
atmosphere. The sign of the Hall coefficient for each of the
samples tested indicated that the majority carriers were elec-
trons. Table | lists the Hall mobility and sheet carrier con-
centrations for samples of differing InAs thickness. It is note-
worthy that the sheet carrier density was very high
(~10"% cm ?) and did not vary as a function of epilayer : : : ,
thickness. This is indicative of a localized high-density sheet 0.0 10 20 30 40 50
of electronic charge in our samples. No “freeze-out” of car- Depth (um)
riers at liquid-N temperature was observed. However, agg, 3. (a) aoepr simulation of an “ideal” InAs/GaP heterostructuréo)
slight decrease in Hall mobility at 77 K was observed. ADEPT simulation of the InAs/GaP heterostructure with a sheet of electronic
Carrier-concentration depth profiling was carried out oncharge at thg interface. Note that the Fermi level is pinned in the conduction
a sample with 125 nm InAs and a 04m capping Pandatthe interface.
Ing Al AS layer in order to understand the distribution of
carriers. This was performed using an electrochemical caef the following simple model. A linkage is drawn between
pacitance voltage profiler manufactured by Bio-Rad Mi-the existence of sheet charge and the presence of misfit dis-
cromeasurements, Inc. A depth resolution of 1 nm can béocations at the heterointerface. Carrier generation apparently
achieved with this profne‘}_The resultant semilog plot of occurs in this system at the heterointerface. The most likely
carrier concentration versus depth is shown in Fig. 2. A spik@gent for generation is the network of misfit dislocations.
in the carrier concentration at the InAs/GaP heterointerface ifree surfaces and defects are known to pin the Fermi level in
clearly evident. This sharp increase in carrier concentratiothe conduction band in InAs, thus making the semiconductor
occurs over a very narrow region ef1—2 nm, thus con- degeneraté@ Here, the misfit dislocations are proposed to
firming the presence of a high-density sheet of charge localpin the Fermi level at the interface in the conduction band,
ized at the interface. and thus, give rise to a sheet of electronic charge.
We propose an explanation of these results on the basis To test these hypotheses in terms of an energy-band
model, simulations of InAs/GaP were created using the
10" : : : : , simulatorADePT. Figure 3a) shows the simulated band dia-
E gram for the “ideal” n™-InAs/p™-GaP interface. Undoped
Lo InAs, being a narrow-gap semiconductor, is expected to be
n~ due to thermal carrier generation. The Fermi level of the
InAs at the interface is seen to be at midgap. The band bend-
ing displayed here indicates that the interface must be de-
pleted of charge and rectifying in nature. Figur®)3shows
1 the simulated band diagram with a high-density*€1dn?)
sheet of electrons inserted at the interface. The Fermi level at
the interface is now pinned 0.2 eV above the conduction-
band edge and the band diagram shows a narrow potential
well in the InAs, which can act as a two-dimensional elec-
tron gas(2DEG) confining carriers near the interface.
Thus, it appears that the effect of the array of misfit
FIG. 2. Electrochemical capacitance—voltage profile of carrier concentratiolislocations is to generate electrons, which are then confined
vs depth for theundoped InAs/(p)GaP heterostructure. in a 2DEG near the interface. These carriers would be ex-
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pected to be strongly scattered by the dislocation network, The authors are grateful to Dr. A. L. Vassiliev for his
which results in the low mobility values. As the temperaturehelp in TEM imaging, E. H. Chen for the MBE, Professor M.
is decreased, the confinement of the carriers would be eve®. Lundstrom for helpful discussions regarding #®ePT
stronger, i.e., the mobility would decrease with decreasingimulations, and to Gyles Webster of Bio-Rad Semiconduc-
temperature, the opposite of the normally expegieHrela- tor Systems for help i€V profiling. This work was sup-
tionship. This is consistent with the observations made oported by the National Science Foundation—Materials Re-
this system. Ideal electron mobilty in InAs is search Science and Engineering Center for Technology
33000 cm/V s.” As seen from Table I, however, the mea- Enabling Heterostructure Materials through NSF Grant No.
sured mobilities are only a small fraction of the ideal value,9400415-DMR.

indicating strong carrier scattering. Further, the mobilities

fall slightly at lower temperature, as expected in this model.

From the results and discussion presented here, it is ap: _ _
parent that the InAs/GaP system has unique interfacial prop—zévcv-fj‘rskeig?g M. gésa”'s""fe‘eros“ucwre Lasers, Part @cademic,
erties, which holds promise in device applications. In par-zy Ashizav’va, S. :Aﬁ)(bar, W J. Schaff, L. F. Eastman, E. A. Fitzgerald, and
ticular, the misfit dislocations could act as conducting D. G. Ast, J. Appl. Phys64, 4065(1988.
channels for the carriers, akin to the presence of a 2D net2J. C. P. Chang, T. P. Chin, and J. M. Woodall, Appl. Phys. 169¢.981
work of “metallic” wires in a more resistive medl.um' “gig?r\?r;\d Micromeasurements, Inc., 520 Clyde Avenue, Mountain View,

To conclude, we have demonstrated the existence of aca 94043-2212, 1997.
high-density sheet of electrons at the InAs/GaP heterointer®m. Yazawa, M. Koguchi, A. Muto, and K. Hiruma, Adv. Mate$, 577
face. A linkage may exist between this sheet of charge an(16(1993-
the interfacial misfit dislocations. A simple model to explain Ei;% ?1%?2’ H. Munekata, and L. L. Chang, Jpn. J. Appl. Phys., Pl 2
carrier generation by misfit dislocations has been proposedip k. schroder,Semiconductor Material and Device Characterization
which is consistent with the observed conduction behavior. (wiley, Interscience, New York, 1990



