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High resolution spectroscopy of free-standing GaAs films prepared
by epitaxial liftoff
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Free-standing layers of high purity GaAs prepared by epitaxial liftoff are investigated using high
resolution photoluminescence, optical transmission, and x-ray diffraction techniques. Low
temperature(1.5 K) optical measurements of these thin, strain-free films yield spectra rich in
structure, revealing much about the fundamental properties of the materials. X-ray diffraction
analysis of layers as thin as 2000 A produce well-resolved Pésdellpfringes, in excellent
agreement with dynamical theory simulations. Once removed from their underlying substrates, these
thin semiconductor cavities constitute unique systems for a variety of novel spectroscopic studies
not possible in as-grown heterostructures. 1€98 American Institute of Physics.
[S0021-897€08)00222-9

I. INTRODUCTION satile tools are used to investigate high purity thin films of
GaAs, prepared by ELO. High resolution, low temperature
PL and transmission results are presented and indicate that it

. . ) is possible to produce unstrained free-standing microcavities
novel electronic and optoelectronic devices have sproutegd i1 axhibit spectra rich in sharp structussme of which

from this process which would have, otherwise, been imposI—S not observable in the epilayers prior to liftpffn addition,

sible ‘to_fabricate. Recently, advances with compliant i,y gitfraction studies of ELO films as thin as 2000 A are
substrate&® have further increased the interest in ELO due 10, ndertaken and spectra clearly exhibiting well-defined Pen-

the essential rple the process promises to play in the_c_jeve&ellbsung fringes are obtained in these materials.
opment of “universal” growth platforms for the deposition
of semiconductor materials of virtually any lattice constant
and crystal structure. Il. EXPERIMENT

While considerable progress has been made on develop- The GaAs material which formed the focus of this study
ing applications for ELO technology, surprisingly little atten- was grown by molecular beam epitayiBE) and typically
tion has been given to the fact that the layers prepared usingbnsisted of~2.3 um of GaAs deposited on a 250 A AlAs/
this method may constitute unique and interesting spectrot000 A GaAs buffer layer grown on semi-insulatitfl) or
scopic systems in their own right. In fact, only a handful of n-doped GaAs substrates. A 2000-A-thick sample was also
low resolution studies have focused on examining the strucgrown by metalorganic chemical vapor deposition
tural, and/or, optical properties of thin film materials pro- (MOCVD) for the x-ray diffraction measurements. In both
duced using this techniqde® In all of these prior investiga- cases the ELO samples were typically 0.25-1.G onsize
tions the ELO structures, once fabricated, were subsequentbhd were prepared using the technique first developed by
bonded via van der Waals forcesr adhesives to other pla- Yablonovitchet al® The free-standing layer used for the PL
nar substrategi.e., glass, Si, Si§) etc) prior to undertaking  studies was passivated with 100 A GaAs/250 A 8a, As
measurements. While some form of post-ELO attachmengaps deposited on either side of the film during the initial
would be an undeniable requirement in most device applicaMBE growth. Surface passivation of GaAs is well known to
tions, the affixing process inherently introduces significanfplay an important role in increasing PL efficiency by reduc-
and undesirable strain if it is the properties of the microcaving surface recombination velociti¢see Ref. 10 and refer-
ity itself that are of interest. This point is considerably com-ences therein As these effects can drastically influence the
pounded where high resolution, low temperature studies areL intensity associated with “normal” epitaxial surfaces, it
concerned. is not surprising that the issue is of paramount importance in

PhotoluminescencéL), optical transmission, and x-ray the case of free-standing layers possessing two exposed sur-
diffraction are powerful, nondestructive characterizationfaces(particularly when layer thicknesses are redyced
technigues which can be used to reveal much about the prop- High resolution(0.02 cm?) PL results were obtained
erties of thin semiconductor films. In this article, these ver-using a BOMEM DA8 Fourier transform interferometer in
conjunction with a cooled Si avalanche photodiode detector
3present address: n&k Technology, Inc., 3150 De La Cruz Blvd., Sant@Nd Ar" laser excitation. In transmission studies a high in-
Clara, CA 95054; electronic mail: dharrison@nandk.com tensity tungsten lamp was used in combination with a narrow

The epitaxial liftoff (ELO) technique has received wide-
spread attention since its introduction a decadeagany

0021-8979/98/84(10)/5772/4/$15.00 5772 © 1998 American Institute of Physics



J. Appl. Phys., Vol. 84, No. 10, 15 November 1998 Harrison et al. 5773

ence of biaxial strain due to the small difference in lattice
constant between the pure epilayer and the doped substrate
material(for details see Ref. 11
The polariton section of the spectrum is also rich in
sharp structure. The “ripple”-like features superimposed on
the relatively broad underlying component are due to the
interference of polaritons which coherently propagate across
the thickness of the film. Observance of these effects are an
indication of high quality epitaxial material and have been
discussed elsewhet®.
/_T—_—lﬁ The spectrum of the same epilayer following ELO is
shown in Fig. 1b). While three groups of features still per-
sist in the ELO result, the relative intensities of the various
AX components have changed quite noticeably from that of the
Gaks/Gahs (n-type) [ O°X pre-liftoff spectrum. The higher energy luminescence associ-
(9) (strained) ated with the polariton, and to a lesser degree WithX, are
! L I L L 1 1 reduced in intensity compared to ti& X features. This
12185 12205 R 12225 behavior is likely the result of a lower effective excitation
Energy (om™) level, brought about by changes to the epitaxial surfaces en-
FIG. 1. PL signal obtained at 1.5 K frofa) a 2.3um GaAs epilayer grown ~ countered during ELO. The interference effects are still evi-
onn-type GaAs(b) the same epilayer following ELO, artd) an unstrained,  dent in Fig. 1b) indicating that the polariton mean free path

as-grown GaAs/GaAs&S|) heterostructure. The complicated series of sharp has not Changed substantially as a result of the liftoff proce-
features associated with donor and acceptor bound excitdasane greatly

simplified in (b) once the substrate induced biaxial strain is removed viadure' ) .
ELO. The other noticeable difference between the PL spectra

in Figs. 1@ and Xb) is the simplification of the fine struc-
ture associated with bound excitons in the latter. The biaxial
band pass interference filter centered near the GaAs barmlibstrate-induced strain present in the epilayer of the as-
gap. During optical investigations the samples were mountedrown structure in Fig. () is relaxed upon liftoff, effec-
in a strain free manner in a small vessel and held in the tail ofively removing the stress-induced splitting and hence low-
a liquid He immersion cryostat. Care was taken to prevengring the number of spectral components recorded in Fig.
damage to the fragile layers while He liquid was introducedl(b). It is noted that a broad®WHM ~10 cm %) PL back-
to the dewar and pumped below its lambda point. ground underlying the sharp bound exciton structure in both
X-ray rocking curve data were collected using a Bede D the pre- and post-ELO spectra was theoretically subtracted to
triple axis crystal x-ray diffractometer. Two Si channel-cut permit easier comparison of the traces. The energy, spectral
crystals were used to obtain a low divergeite®.5 arcsec  width, and intensity of this feature were highly dependent
x-ray beam. A third Si channel-cut crystal was placed inupon both excitation density and sample temperature and
front of the detector to achieve higher resolutid@04  believed to be related to charging effects at the
Bragg peaks with full widths at half maximu@@FWHM) of  GaAs/Al, ,Ga, sAs/GaAs interfaces.
as low as 8 arcsec from typical low dislocation SI GaAs  The remaining spectrum in Fig. 1 is due to an unstrained,
substrates have been obtained using this arrangement. Coas-grown, 2—3um epilayer deposited ofSl) GaAs. While
puter simulations of the x-ray rocking curve data were carthe relative intensities of the excitonic features in this result

T=15K
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)

ELO GaAs (removed from n-type GaAs)
(b)

X

Photoluminescence Intensity (Arbitrary Units)

ried out using the commercial software packageats’ are in good agreement with those of the strained as-grown
supplied by Bede Scientific. sample shown in Fig.(d), the fine structure associated with
the bound excitons is very similar to that found in the ELO
IIl. RESULTS AND DISCUSSION spectrum of Fig._(]b). This supports the earlier notion thz_;lt
the former effect is correlated with surface changes sustained
A. Photoluminescence results during the liftoff process and also that it is possible to pro-

Figure 1 presents high resolutic®.02 cn Y, low tem- ducg, and hence. examine, free standing, essentially un-
perature(1.5 K) PL data from Figs. (8 and 1c) as-grown Strained layers using this approach.
and Fig. 1b) post-ELO GaAs epilayers. The bottom spec-
trum, due to a 2.3um epilayer grown om-type GaAs, dis-
plays clear evidence of as-grown, substrate-induced biaxi
strain. Three groups of features owing to the radiative recom-  The real strength of ELO spectroscopy is exemplified in
bination of acceptor bound excitoné&{,X), donor bound Fig. 2 where the results of optical transmission studies per-
excitons P°,X), and free excitons or polaritoriX) are eas- formed at 1.5 K on thin, strain-free ELO samples are pre-
ily identified. In particular, at least seven shafg0.15 sented. These measurements, which are altogether impos-
cm™Y) peaks are clear in tha% X region of the trace and sible to perform on as-grown heterostructures due to highly
another four are apparent in ti, X region. The origin of absorbing Sl or strain-inducing doped substrates, unveil an
these components is well understood and related to the presapressive wealth of detail. The spectra at the top and bot-

aEf' Optical transmission results
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FIG. 2. Transmission spectra obtained at 1.5 K from free-standing GaAs
films fabricated using ELO and grown using A®ottom) and As, (top)
sources. Transmission minima associated withXhe, , ; energies are in-
dicated. Numerous sharp absorption features due to donor and acceptor
bound excitons are evident in both films. The donor concentration in the As
film is believed to be~10X higher than in the Aglayer resulting in stron-

gerDY, X features and heavily damped polariton interference effects. (a) 2.3 um GaAs/GaAs (n—type)
| I | | ! | |
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tom of Fig. 2 correspond to films grown with Aend As _ _ _
Sources, respecively. On the low energy side of Fi. 2, serieS% % 272 ST1aer secte foaned 1o o 2200w 230
of sharp and discrete lines associated with donor and acceRye after removal of the AlAs layer and bonding to the original substrate,
tor bound excitons are evident. Transmission through th@nd(c) a 2000 A ELO layer attached only to liftoff wax. Experimental and
DO,X region of the sample grown with Ass heavily attenu- theoretical results are represented by the dotted and solid lines, respectively.
ated suggesting that the donor concentratidly)(in this
material is considerably high¢r-10X) than in the Ag film.
This source dependemiy has been observed before, and
appears strongly correlated with the observajocdack of in X-ray diffraction studies have also been used to reveal a
the case of Asgrown material polariton-related interference great deal regarding the quality of epitaxial semiconductor
effects in the reflectivity spectra of high purity GaAs layers(see, e.g., Ref. 25The character of crystals can be
epilayers'? This observation is also consistent with the largeinferred, to some degree, by the shape of the Bragg peaks
polariton neutral donor scattering cross section observednd Pendellsung fringes in their rocking curve data. The
previously®® Pendellsung or thickness fringes are ordinarily much
The same behavior is also evident in the transmissionveaker than the main Bragg peak and highly sensitive to the
spectra of Fig. 2. While the Agesult shows a large number thickness uniformity and flatness of the film. These fringes
of interference fringes on either side of thg_, polariton  (particularly the higher order oneare generally difficult to
resonancdthough only four are denotgdthe amplitude of observe in thicke(>1 um) as-grown epitaxial layers and are
the oscillations in the Asspectrum are considerably damp- altogether absent in crystals of inferior quality.
ened. Subsequent transmission minima associated with The x-ray rocking curve data fqe) a 2.3 um epilayer
higher energy(i.e., X,-, and X,-3) polariton states are grown onn-type GaAs,(b) the same epitaxial layer follow-
readily observable in both traces. ing liftoff and subsequent bonding to its original substrate,
Two additional groups of components marke®*, X"’ and(c) an ELO layer attached only to the liftoff compound,
and “donor-related features” are evident only in the,As are shown by the dashed lines in Fig. 3. All of the experi-
spectrum and as such, are also related to the elewdjed mental spectra clearly exhibit well defined Pendsilag
value in this material. The former, a series of sharp lines dudringes, in good agreement with those generated by dynami-
to excited donor bound excitons, have been investigated inal theory simulationgsolid lineg. This is interpreted as
some detail in earlier PL studié$.The origin of the latter ~strong evidence that the crystal quality of the epilayers re-
high energy features are not presently understood, though ihains intact throughout the entire ELO process. Upon com-
is believed that they may be the result of resonant “bound”paring the results in Figs.(& and 3b) it is evident that the
exciton levels below the,_, polariton electronic excited two well-resolved Bragg peaks in Fig(a3, due to the epi-
state. While it is beyond the scope of this article to probetaxial layer and the substrate, merge closer together in Fig.
further into the nature of the diverse phenomena presente®(b) as the biaxial strain is reduced through the liftoff/
herein, it is clear that the transmission spectra of theséonding procedure. The agreement between the experimental
unique spectroscopic cavities provide considerable insighind calculated results are somewhat less satisfactory for this
into the properties of these thin film materials. film, presumably since the simulation neglects the van der

C. X-ray results
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Waals forces between the epitaxial layer and the substratespectroscopic systems will find many uses in the study of
The top spectrum, Fig.(8), due to the 2000 A film materials science in the near future.

supported only by the liftoff wax is intriguing in its own
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