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Surface Morphology Dynamics in Strained Epitaxial InGaAs
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Elastic light scattering has been used to measure the time evolution of the power spectrum of the
surface morphology of strained InGaAs layers during growth. From a combination of fixed scattering
angle measurements during growth and variable scattering angle measurements after growth, we are
able to determine both the time and spatial frequency dependence of the power spectral density
during relaxation of the strained films via misfit dislocations. The data are fit with an Edwards-
Wilkinson model, for which the surface morphology is driven by inhomogeneous surface strains.
[S0031-9007(97)03924-0]

PACS numbers: 68.55.Jk, 61.16.Ch, 78.35.+c, 81.15.Hi

Computer simulations and analytical theory have conwith a 27 mW, 488 nmAr* laser incident normal to
tributed greatly to our understanding of the dynamical bethe substrate. The diffusely scattered light was detected
havior of surface morphology during thin film growth. simultaneously at Z5and 55 from the surface normal.
Experimental studies have been less definitive howeveilhe sample orientation was fixed during growth such
For example, the general form of the equations thathat the plane of scattering defined by the detector ports
describe surface morphology in the continuum limit iscoincided with the[110] direction in the plane of the
known from theory [1], yet experimental tests of thesesubstrate surface. For this geometry the scattered light
theories have tended to be limited to studies of the scalings sensitive to surface height fluctuations along [thE)]
relations for the interface width. The systems for whichdirection with spatial frequenciegof 5.4 and 10.5um ™!
thin film growth is best understood are single crystal semifor the ports at 25and 55, respectively. The incident
conductor films of Si, SiGe, and llI-V semiconductors laser beam spot was about 2 mm in diameter on the
[2-5]. In this paper we use laser light scattering (LLS)surface of the sample and was located at a position with
to explore the dynamics of surface morphology in oneno defects or particles visible in the laser spot.
of these systems, namely, strained InGaAs on GaAs, and The as-received (001)-oriente0.5°) GaAs sub-
compare the results with the predictions of the continuunstrates were cleaned by exposure to uv ozone for 5 min in
growth models. a laminar flow hood followed by thermal desorption of the

Electron diffraction techniques, which are the mostsurface oxide under an arsenic overpressure in the MBE
commonly used surface structure probes, are not sensitigrowth chamber. A Jum thick GaAs buffer layer was
to the large scale structures of interest in studies of morgrown at 590C at a growth rate of um/h. Before ter-
phology in the continuum limit, due to the short coherencemination of the buffer layer growth the substrate tempera-
length of the electrons. Laser light scattering does noture was ramped down to 49Q for the InGaAs growth.
have this problem. For the mirrorlike substrates used iThe As to Ga flux ratio was 3.5:1 and these fluxes
crystal growth experiments, LLS can detect atomic-scalevere held constant throughout growth of the GaAs and
changes in the surface height on lateral length scales conmGaAs layers. In order to preserve the surface mor-
parable to an optical wavelength [6]. In addition to beingphology for ex situ measurements, the substrate heater
highly sensitive, LLS is well suited tin situ measure- power was turned off immediately after growth. This
ments during growth [6,7]. A potential problem is that procedure causes the substrate temperature to drop be-
light scattering is sensitive to particles and point defectdow 300°C within 5 min by radiative cooling to the liquid
on the surface, which are difficult to distinguish from nitrogen cryoshroud, as measured by diffuse reflectance
the scattering due to the surface morphology. Howeverspectroscopy [9]. The scattered light signal was found to
by comparing light scattering results with atomic forceremain stable during the quench.
microscope (AFM) measurements, we have found that In Fig. 1(a) we show a0 X 50 um?> AFM image
LLS provides reliable quantitative morphology informa- of a 250 nm thick Ing;3GaggAs film. This image
tion [8]. In addition, the scattering considered in this pa-shows the well-known(110) crosshatch pattern which
per is highly anisotropic, indicating that it is dominatedis observed in relaxed InGaAs films. We note that the
by the crosshatched morphology of the surface and not bgidges which make up the crosshatch pattern are 1 to
the isotropic scattering expected from particles. 3 nm high, which is considerably higher than the atomic-

Light scattering measurements were carried out in &ize steps one would expect from slip alofid1) planes
VG V80H molecular beam epitaxy (MBE) chamber [6], associated with individual misfit dislocations. These
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FIG. 1. (a) AFM image of a 250 nm thick InGaAs film, with 0 0 100

a 5 nm vertical gray scale and (b) power spectrum calculated

from the AFM image, where the gray scale represents the
logarithm of the PSD at each spatial frequertpy The axes FIG. 2
for the PSD are oriented approximately alof®g1) directions o
and span a range of=16 um~! (¢ = 0 at origin). The white
crosses show the spatial frequencies monitored in Fig. 2.

In situ light scattering measurements (solid lines) of
surface roughness at= 5.4 and 10.5um ! during growth of
an InGaAs film, and calculated time evolution of the 1D PSD
(dotted lines).

ridges are believed to be caused by surface diffusion ithat the surface roughening coincides with the formation
response to the inhomogeneous strain associated with tigé misfit dislocations [6].

misfit dislocations [5,7,10]. The two-dimensional power The [110] 1D power spectra determined froex situ
spectrum obtained by Fourier transforming the image datght scattering are shown in Fig. 3. The PSD as a function
is shown in Fig. 1(b). The110) cross pattern in the Of g is proportional to the scattered light intensity as a
power spectral density (PSD) means that the scatterdgnction of 2z[sing; — sin6]/A, where6; and ¢, are
light intensity, which is proportional to the PSD of the incident and scattering angles, respectively [11]. Here,
the surface height [11], should be concentrated in tw@ 632 nm HeNe laser was incident on the sample at 65
orthogonal directions parallel to th@d10) crystal axes.
There is an angular spread in the cross pattern due to
distortion in the AFM scan; however, the corresponding M S
scattering lines are one dimensional (1D), with a width

determined by the divergence of the laser beam. To detect

the light scattered in these directions during growth, it is
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critical to align the scattering planes accurately along the ,

A
(110) directions in the substrate at the beginning of the M1 10
experiment.

In addition to the 1D roughness associated with the
crosshatch pattern there is a 2D background roughness
consisting of mounds elongated along [h&0] direction,
which produces the oval-shaped intensity distribution in
the power spectrum, elongated alding0]. The rms value
of this background roughness is 1 nm. The mounds de-
velop during growth of the GaAs buffer layer [3] and per-
sist during growth of the InGaAs layer. The elliptical 109 58 nm
shape of mounds reflects the asymmetry in surface diffu- y /
sion in the twoa(110) directions on GaAs [12]. : ]

The scattered light intensity during growth of a strained 1 10
InGaAs film is shown in Fig. 2. The detected light signals
probe lateral length scale@w/q) of 1.2 and 0.6um q [um™]
in the crystal surface. Th? back_ground sqattering SignqjﬁlG. 3. Ex situ LLS (solid symbols) and model data (solid
(about 10% of the peak intensity) associated with theines) for the 1D PSD of three InGaAs films with different
residual 2D roughness of the GaAs buffer layer has beethicknesses above the critical thickness. The corresponding
subtracted from both curves. This is the 2D scatteringn situdata from Fig. 2 are shown for reference (open symbols).

; ; ; ; he ex situ data for the 250, 83, and 58 nm thick films
which falls into the solid angle of the detector along with have been scaled by factol#4.5, 1.5 and 4.5, respectively.

the 1D scattering. There is a sharp increase in scattering” \,atch thein situ measurements. . Inset: AFM and LLS
along the[110] direction when the film is about 40 Nm measurements (unscaled) of the PSD of the 250 nm thick film
thick. Ex situstructural analyses on these films showedplotted on the same scale.
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from the normal. The scattered light was detected irsurface from the dislocation array. Roughening in the two
the plane of incidence at backscattering angles rangindirections is assumed to be independent and we neglect
from 12° to 110 away from the specularly reflected light, the contribution from the atomic steps produced where the
corresponding to spatial frequencies from 1 to/& ~!.  slip planes intersect the surface. Plan view transmission
The signal measured alofig00], which is representative electron microscopy (TEM) measurements on these films
of the 2D background, was subtracted from {H80] showed visually randonl10) misfit dislocations whose
data in order to isolate the 1D component of the surfacelensity was consistent with the film relaxation inferred
roughness from the 2D component which falls within thefrom x-ray diffraction, to within a factor of 2 [13].
detector solid angle. The 1D PSD obtained in this way For an atom diffusing on the surface of a strained film,
agrees quantitatively with that determined from Fourierthe change in the chemical potentjalx, ) produced by
transforms of AFM data [8], as shown in the inset of Fig. 3.the local strain fielct(x, ¢) at positionx and timet can be

The three sets of data in Fig. 3 were taken from filmslinearized as follows:
grown to different thicknesses under nominally the same 20
conditions. Theex situdata showed a different thickness w(x,7) = — [—&%(¢) + 28(r)f + 28(1)8:(x,1)], (1)
dependence than the situ measurements in Fig. 2. Sys- 2 o o ]
tematic errors in thex situmeasurements could be causedWhere the local deviation in the strain fiel (x, 1) is
by differences in the samples due to imperfect run-to-rur@ssumed to be small compared to the average st@in
control over growth parameters. We believe that the meaY iS the biaxial modulus(} is the volume of the unit
surements durlng growth of one sample are a more ré:e” andf IS the |n|t|a|- |n'P|ane strain due.tO the Iatt|ce
liable measure of the thickness dependence of the PSfismatch. The contribution of shear strain produced by
than measurements on several different films after growttihe mixed screw/edge dislocations is of ordgy)* and is
Similarly, theq dependence obtained from tae situmea- neglected. The following equation can be used to describe
pendence obtained from measurements at different por@x’ 1) [1]:
during growth. This is due mainly to variabilities in the  gp(x, ¢ QODny _
in situ optical alignment and window coating (periscope % — vV2h(x,1) = T e(V?8.(x,1), (2
ports were used to minimize coating) which we estimat
can change the optical throughput by a factor of 2 or mor

Accordingly, the relative magnitudes of tlire situ sig-
nals measured at two different optical ports in Fig. 2 wer
scaled by a factor of 1.7 to match tlgedependence ob-
tained ex situon the 58 nm thick film (solid circles in
Fig. 3). Similarly, theex situ data for different thick-
nesses were scaled to match thesitu thickness depen-
dence measured at= 5.4 um~'. The open symbols at
5.4 and 10um ! in Fig. 3 indicate the relative intensities
obtained from measurements during growth. The agre
ment between the open and solid symbols at/od ! is
simply due to the fact that thgdependence is normalized
to the open symbols at this point; however, the agreeme
at 10.5um ™! (triangle and square) is not due to normal-

Svhere we have included a surface-gradient-driven current
eequal to »Vh. We take v > 0 which ensures stable

rowth [1]. D is the surface diffusion coefficient, amd

s the concentration of diffusing atoms. The contribution
of the elastic strain to the chemical potential is included,
and the contribution of the surface curvature is neglected.
To include the curvature one would need to ad¥“&
term to Eq. (2) [14]. 8.(x, 1) is determined by summing
the contributions to the surface strain atfrom all
dislocations present at the interface at timeeglecting
Shteractions between dislocations. The strain fimltk, z)
at the surface due to a single interfacial misfit with
nEEurgers vectob, located atc = 0,z = 0, is [5]

bz (x* = V2x2)

ization and is an indication of the internal consistency of e1lx) = = T (2% + z2)2
the data. b
During relaxation of these compressively strained films, adey e zlgl — 1+ iv2zlg), @)

60° misfit dislocations (Burgers vecter a/2(101)) form . . .

at the substrate/epilayer interface with slip alofigl} ~ Where< decgc_)tesh F?_lljrlerh_trimsforrq, is the spatlalhfre-h

planes which intersect the interface aldigo) directions.  duency, anais the film thickness. We assume that the

The surface roughening in the relaxed films occurs a|0n§|slocatlops in the 1_D array are randomly dlstrlputed with

two orthogonak110) directions due to surface migration 2verage linear density(s). In this case the Fourier trans-

in response to the inhomogeneous strain field at }hgprm of 8:(x,1) s 0:(q,1) = y2p(t) 1(¢,2). Solving
the Fourier transform of Eq. (2) we find

z/z,-1

gz + 2) = Agle a7/ fo T8 125 (g, 2,(¢ + 1)) d( (4)

whereA = (/2 z,Q%DnY)/(gkT), g is the growth rate, and, is the thickness at which the film begins to relax. We
have used d/z dependence for the residual strain abayvee(z) = (fz,)/z, wherez = gt. This is equivalent to the
Matthews-Blakeslee model [15] if a logarithmic term is neglected, and is consistent with nres@mtmeasurements of
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strain in this system [16]. The average dislocation densitfilm growth, and not just relative values of surface

p(z) is linearly related to the relieved strain through theroughness. This work is the first example of an experi-

in-plane component of the Burgers vectar:= 2(f — ment in which the predictions of a continuum growth

g)/b;forz <z, p = 0. equation have been compared with the time and spatial
The PSD obtained by integrating Eq. (4) numerically isfrequency dependence of the surface morphology of a

fitted to the time-dependent light scattering data in Fig. 2growing film. For strained InGaAs on GaAs we find

using the experimental growth raté um/h) and lattice good agreement with the simplest equation, namely the

mismatch (f = 0.013). In addition to the constar®,  Edwards-Wilkinson (EW) equation, in the 2—%}2m ™!

the calculated curves have two fitting parameters, namelgpatial frequency range. STM studies have shown that

v =14 X102 cm?/s and z, = 40 nm. The same MBE GaAs growth is unstable, in which case the EW

parameter values lead to the fits to tipelependent data equation should not be applicable. The good fit with the

shown in Fig. 3. EW equation in the present case suggests that InGaAs
The film thickness for maximum roughness and relativegrowth is stable under our growth conditions.
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