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Correlation of defect profiles with carrier profiles of InAs epilayers on GaP
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The carrier profile for InAs films grown on GaP is modeled as a first-order approximation which
assumes that 90° edge dislocation intersections and the threading dislocation intersections act as
shallow donors. Due to dislocation annihilation during growth, the threading dislocation intersection
density decreases as the inverse of the distarfcem the InAs/GaP interfaced (x) =DgXq/(Xg

+X), whereDy andx, are dislocation density at the InAs/GaP interface and the first annihilation
position from the interface, respectively. The carrier profile in InAs films can be described by a
similar equation that is deduced from the threading dislocation intersection profile. The calculated
carrier profiles agree well with measured carrier profiles. This correlation supports our hypothesis
that both the edge dislocation intersections and the threading dislocation intersections act as shallow
donor sources. €001 American Institute of Physic§DOI: 10.1063/1.1338956

Owing to its high electron mobility and high electron nucleation density leading to a smoother interface. A 5-nm-
saturation drift velocity, InAs is a good candidate for both IR thick undoped IggAl 5As film was grown on the InAs layer
photonic and high speed tetrahertz device applicafidns. as a capping layer. The details of the growth procedure have
This has motivated our group to pioneer the molecular bearbeen reported elsewhete.
epitaxy (MBE) of high quality InAs on GaP substrates, even A cross-sectional transmission electron microscopy
though there is an 11% lattice mismatch between GaP and’EM) image of an 0.5um-thick InAs film is shown in Fig.
InAs. We have previously reported that such InAs films have1, The InAs/GaP interface is indicated in the figure. It is seen
unique electronic properties associated with interface misfithat there are dark spots at the InAs/GaP interface and a
dislocation intersections,known as “dried!” defect$ in- threading dislocatiofTD) network. The dark spots corre-
cluding interface Fermi-level pinning, interface electron gen-spond to 90° edge misfit dislocatiofi¥lD) at the InAs/GaP
eration and scattering, and no carrier freeze out at lownterface showing equal spacing of 3.95 hrlthough pairs
temperatureS.Here, we report the correlation between theof go° misfit dislocations are observed in the high resolution

threading dislocation intersection density profile and the carfgp (HRTEM) image? the number is a small fraction
rier profile for InAs films. We have modeled the carrier pro-

files for these InAs films as a first-order approximation of the
observed threading dislocation intersection densities. Due to
dislocation annihilation during growth, the dislocation inter-
section density profile varies with the inverse of distance
from the InAs/GaP interface &3(x) =DgXy/(Xo+ X), where

D, is threading dislocation intersection density (nand

Xg is the average height from the interface of the first anni-
hilation point. We then show that the carrier profile in InAs
films can be described by a similar equation. This correlation
supports the hypothesis that threading dislocation intersec-
tions act as shallow donor sources.

Undoped InAs films with various thickness were grown
on (001) GaP substrates using MBE. The GaP substrates are
thermally cleaned in the growth chamber under ;aoRer
pressure. A 100-nm-thick GaP buffer layer was grown fol-
lowed by the growth of a 20 period superlattice consisting of
5 nm alternating layers of GaP and AIP in order to prevent
the out diffusion of background sulfur from the substrate.
200-nm-thick Be dopeg@-GaP buffer layer was subsequently
grown on the superlattice. Undoped InAs films were grown
at 350 °C. The first few monolayers of InAs were grown
under low V/IIl beam flux ratio§~1.0) to promote a high

dElectronic mail: hironori.tsukamoto@yale.edu FIG. 1. A cross sectional TEM image of a Qu&n InAs film.
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FIG. 2. A schematic diagram of threading dislocation annihilation model.
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(<5%) of the total dislocation density. Another observation
is a triangular shape threading dislocation netw6FRs), InAs thickness (nm)

which also originates at _the InAs/GaP '”teffa‘?e a_nd lies OG. 3. A calculated dislocation density curve, which corresponds to the
{111} planes of the InAs films. The TD density is high at the threading dislocation intersection density.

interface and abruptly decreases within approximate 10-20

nm from the interface. It is interesting to note that the num-

b £ disl : d i di ¢ he i creases abruptly within a few tens of nanometer from the
er of dislocations decreases with distance from the Intery, o tace and a high density of TD is localized within a thin

faqe. It can be S_?ﬁn tI:jat V\éhen two d|slocat|qns mheet at %yer of thickness(y from the interface. The calculated TD
point, one 1s anni |.ate an one.p'ropaga.tes Into the UPP§hiersection density and the measured dislocation density
layer. Taking this dislocation annihilation into account, We(~1><101° cm?) for a 1 um InAs film, using plan-view
modeled the TD density profile as a function of film thick- TEM are indicated in the figure. This value is consistent with

ness using a first _order simple geometrical _structgre. Similafhe calculated curve. We believe this demonstrates the first-
work for GaAs/Si structures and for lattice mlsmatChedorder dynamics of dislocation annihilation. However, for

lll-V' compound semiconductor struc}%res have been "€tompleteness, understanding of the kinetics of dislocation
ported by Kroemeket al. and Speclet al.™

In ord el he dis] ion densi ; _annihilation is needed and is now under investigation.
n order to cajculate the dislocation density as a function ;¢ peen reported that a high sheet carrier density is

OLf”m tT:CknehSS’ ing:lu(c:ii.ing MDs fand TDs,.hv_\I/e use a mOdgllocalized at InAs/GaP interfacelt has been reported that
shown the schematic diagram of TD annihilation In Fig. 2.4t of the sheet carriers are generated by a high density of

We assume that dislocation annihilation occurs repeatedIKAD intersections, known as dried| defects which act as shal-

and each annihilation in Fig. 2. We assume that disloca’tiorllOW donor “dopants”® The magnitude of the sheet carrier

annihilation occurs repeatedly and each annihilating pOSitiOQiensity (~1x 10" cm?) is quite close to the MD intersec-

can be expressed with a binary recombination law. At the[ion density (~6.4x 102 cm~?). This carrier density is the

InAs/GaP interface, the 90° edge MD intersection density isresult of Fermi-level pinning 0.2 eV above the conduction

denoted a, (_cm‘z). By estimating each _annihi!ation dis- band edge of InAs at the InAs/GaP interfadee to the MD
tance from t-he mterjacé\l), the number of d!slocat|o(N) intersections. This causes a spike in the carrier density at the
at a certalrn1 posmonNﬂ=n can be vyrltten_ asD(n) interface. An electrochemical capacitance—voltd§<V)
ilﬁZEO(llz) - The positionn at N=n is written asx .o profile Ng—N,) of a 1 um InAs film is shown in Fig.
=2" "X, wherex, is the distance of the first annihilation 4 “rpe"carrier profile shows an initial spike in the carrier
position from the mterfac_e, as shown in Fig. 2. We can Ole'density at the interface that gradually decreases with increas-
duce the following equation: ing distance from the InAs/GaP interface. It has been sug-
D(X)=1/2Dy(X/x), (x>0). (1) gested that the bulk carriers could be provided by charges
associated with the TDs. However, the carrier density esti-
For the boundary conditioB(0)=D,, we deduce the fol- mated by supposing each atomic site along TDs being singly
lowing: charged is one order of magnitude larger than the measured
D(x)=DoXo/(Xo+X), (x=0). ) carrier _density‘. We_propose_ a model in which both TD in- _
tersection and MD intersections can be donor sources. In this
These expressions show that TD density abruptly decreas@sodel, the carrier profile is expressed in terms of both MD
within a thicknessy and gradually decreases as the inverseand TD intersection densities. The equation for the carrier
of the distance from the InAs/GaP interface. In our previousprofile N(x), expressed as a function of the distance from an
work, the spacing of 90° edge MDs were measured to bénAs/GaP interface, is derived from E(R) by dividing Eq.
3.95 nm using cross-sectional HRTEM analysis; and the MO2) with x, and adding a constant background carrier density
inte(;fzection2 2density Do was calculated to be 6.4 Ng:
X 10 cm <. From Fig. 1, we set the first annihilation po-
sition at approximately 15 nm from the InAs/GaP interface. N(x)=No+Ns/(xo+x), &)
The dislocation density curv®(x), according to Eq(2) is  whereN,=D,, which is the sheet carrier density (CA) at
shown in Fig. 3. This curve shows that the TD density de-an InAs/GaP interfacex, is an effective triangular well
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———— — GaP substrates are shown in Fig. 4. The average background
carrier density,Ny, for the 0.25-, 0.5-, and 1.Qm-thick
films are 4x 10'7, 6x 10, and 2<10'® cm™3, respectively.

The calculated carrier profiles for these three films show
good agreement with the measured carrier profiles. Also for
these three filmsNg and x, are Ng=7.4x10? cm 2, x,

=12 nm, Ng=6.2x 102 cm 2, and xo=15 nm, N,=6.3

£
3
<
]
)
N T 2 72 _ . . .
= 10" L | x10'2 cm™2, and x,=21 nm, respectively for increasing
S film thickness. It is interesting to note that the thikgval-
4 r © ] ues calculated were very close to the misfit dislocation inter-
3 / 1 sections or dreidl density of 6:410'> cm 212 The close
5 10" F 4 agreement between calculated and measitgdalues and
= E ] N(x) profile provides good support four model.
X i n conclusion we have investigate e correlation be-
8 I I h tigated th lation b
i ] tween defect profiles with carrier profiles of InAs epilayers
pf¢ ot e L on GaP substrates. The equation for defect density and car-
0 0.2 0.4 06 0.8 1 rier density was deduced from threading dislocation annihi-
Depth (um) lation model and showed good agreements with experimental
data.

FIG. 4. ECV carrier profiles of 0.25, 0.5, and 1.@n InAs films and the
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