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The momentum conserving indirect excitonic transitions, fromlIthevalence band maximum to

the conduction band minima close to tie point in the Brillouin zone have been measured for GaP

in piezo-modulated transmission. At 6 K, excitonic signatures due to phonon emission are observed
atEgy+7wpp for TA(X), LA(X), and TGX) phonongE4,=free exciton band gapwhereas at 120

K signatures forboth absorption and emission of LX) and TAX) phonons appear. These
observations yield 4, =2.3301(4) eV at 6 K. In several GaP specimens, signatures A and/or C for
excitons bound to sulfufS) and/or nitrogen(N) impurities, respectively, are observed in the
piezo-modulated transmission. A parallel investigation of the spectra of recombination radiation
reveals emission lines for excitons bound to S and N as well as their phonon sidebands. The phonon
replicas of N consist of sharp lines in combination with the zone center optical phonons observed
in the first order Raman spectrutrOr and TQ-). In addition, broader replicas are observed for the

A line in combination with acoustic and optical phonon brandifetA, A-TA, A-X ). The phonon
energies obtained from both piezo-modulation and photoluminescence experiments are compared
with those reported in the literature. Finally, the suppression of S diffusion from a GaP substrate into
a GaP epilayer achieved with an intervening GaP/AlGaP superlattice is demonstrated in both
modulation and photoluminescence experiments.1997 American Institute of Physics.
[S0021-89707)04421-9

I. INTRODUCTION organic chemical vapor depositidtMOCVD). Also, there
) . . . has been a serious effort in the growth of GaP based hetero-

A numbgr of .|ts unique matgrlal parame_ters and physical ctures on the closely matched Si substtateé GaP/AlP
characteristics singles out gallium phosphi@aP among superlattices have also attracted some attention in the context
the tetrahedrally coordinated I1l-V compound semiconduc-s¢ ;4ne folding effects and the interesting possibility of a
tors. Its transparency in the visible led to the first study of theyirect band gap structure made up @fdirect band gap
Raman spectrum of a semiconductfar that matter, of any  congtityentd® In contrast to the extensively studied
crysta) with the then relatively new lasers as mO“OChromat'cGaAs/All,XGa(As multiple quantum well structures and su-
sources. Investigations of the luminescence spectra of Gapperlattices where the GaAs wells and AlGaAs barriers
disclosed many unique phenomena while the control of thgy < 3) have direct band gaps, both GaP wells and AP
color and efficiency of the emission with appropriate dopant$,,riers are indirect semiconductors with a band gap in the
made it an attractive material in the context of optoelectron-gr(_:,en region of the visible spectrum, and it is of interest to
. . . . . . . . 2 1
ics and its exploitation as light emitting diodésEDS).” A ggtapjish the cross-over from indirect to direct transition in
recent example is an acousto-phonon spectrometer utilizing,ese sructures as a function of layer thickré®ecause of
nitrogen-bound excitorsThe indirect band gap, with Bis e large lattice mismatch and difference in the band gap
valence band maximum and conduction band minima alongergy hetween GaP and InP, GaP is also an attractive host
<1OQ>_9Iose to the X points of the Brillouin zone,4_t§1e latter ¢, growing InP quantum dots and studying the effects of
exhibiting the so calledCamel's Back feature,™" the " dimensional confinement in such a highly strained
infrared and Raman spectroscopy of phonbhsand elec- structuret®19
tronic states of donors and acce_pj[H)ré} the application of The current interest in the quantum well structures in-
modulation spectroscpﬁf,the striking donor-acceptor pair yo|ying GaP, AIP and their alloys provides a motivation for
spectra literally exhibiting more than a hundred sharp, yq_examination of the free and bound excitonic transitions
lines’ —these are illustrative examples of physical phenom- 4 the symmetry and energy of the phonons which partici-
ena of basic interest, whose investigations have enriched g6 i the indirect transitions. The present investigation ad-

physics of semiconductors. dresses the above considerations employing simultaneously

_Inrecent years there has been a renewed interest in GaFoqyjated transmission and reflectivity as well as photolu-
in the context of epilayers and heterostructures. The drive fof,inescence observed with a series of samples.

new devices like more efficient LEDs, green lasers, optical

detectors and other optoelectronic devices have stimulate$f EXPERIMENT

the development of the growth of GaP and its alloys, using The GaP samples studied are nominally pure or deliber-
technigues such as molecular beam epitdBE) and metal  ately doped with different levels of sulfur concentration. The
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sulfur content in these samples ranged fromx 10'¢ to 3.0 —T—T—T—T——T—————T—TT
2x10"® cm 3. In addition, GaP epilayers of 1 um thick-
ness grown by MBE on undoped GaP substrates were inves- L
tigated, with a GaP/AlGaP superlattice isolating the epilayer __
from the substrate. The estimated sulfur concentration in the :’9 20k
epilayers was about$10'° cm™3, Nitrogen is not an inten-  x
tional dopant and its concentration cannot be stated with con- §
fidence. &

The epilayers were grown in a solid-source MBE system k&
equipped with a valved phosphorus cracker. A small amount g
of white phosphorus was first converted from red phos-
phorus. Phosphorus tetramer molecules from the white phos-
phorus were then thermally cracked into dimers, which al- 00T Lo
lows the safe handling of phosphorus. GARO substrates T 230 2.32 2.34 2.36 2.38 2.40
were thermally cleaned at 640 °C under phosphorus flux. Energy (eV)

GaP and AI_P epilayers were grown at 600 °C. The typlcalFIG. 1. Piezo-modulated transmission spectrum of an “undoped” GaP sub-
growth rate is 1 monolayer/s. strate. A 6 K the signatures corresponding to the creation of free excitons,

The piezo-modulated transmission measurements wemssisted by the wave vector conserving phonons with wave vectors close to
performed with a Perkin ElIméModel EZD,ZO 0.58 m, double the X point of the _Brillouin_ zone, are observed. The free exciton energy

. . termined from this study is labelé&g, . The small signature labeled C is
pass monOChromator using a quartz halogen lamp as a Ilgﬂﬁe to S-bound excitons indicating the presence of S at doping level of
source and a silicon photodiode as a detector. The samplgs 3.
was rigidly attached to a hollow cylindrical piezoelectric
transducer(PZT)%* which experiences an alternating strain
when excited with a 560 V, 940 Hz ac voltage. The sampleeral doped and undoped GaP samples, we have established a
was cooled in a Janis SuperTfasryostat. Neon calibration correlation between the strength of the extrinsic lines and the
lines were used to improve the precision in the determinatiowoncentration of sulfur and nitrogen in the sample. The dop-
of the spectral features in the piezo-modulated transmissiomg levels of sulfur and nitrogen in these samples indicate
spectra. The photoluminescence spectra were recorded withthat the feature at 2.317 eV is related to substitutional iso-
SPEX (Model 14018 0.85 m double grating electronic nitrogen, while the features at 2.309 eV and 2.326
monochromatof? the spectra were excited using the 5145,eV are related to substitutional sulfur, a neutral donor.
4965, or the 4762 A line from a Coherent Alasef* or the The lowest band edge in GaP corresponds to the indirect
4416 A line from an Omnichrome He—Cd lagerThe transitions from thd ;5 valence band maximum to the low-
sample was cooled to about 10 K in a Janis 10 DT cryostagst equivalent conduction band minima near (Ref. 27;
and an RCA(type C31034A photomultiplier was used as a from a critical analysis of the photoluminescence data, Dean
detector. and Herbeft concluded that the conduction band minima of
GaP lie at 0.95%7, . Conservation of wave vectérin the
optical transition is ensured by the emission or absorption of

Ill. RESULTS AND DISCUSSION

A. Piezo-modulated transmission spectra

In Figs. 1-4, the piezo-modulated transmission spectra 20
for four different GaP samples are displayed; in Figs. 1, 3,
and 4 the temperature is 6 K, while that in Fig. 2 is 8 K. The
shape of the features in these spectra provides a clue to it > 4,
origin, recognizing the first derivative-like nature of the 2
piezo-modulation spectrum. For example, the features at 3;/
2.343, 2.362, and 2.375 eV in Fig. 1 can be easily recognized §
as intrinsic features since in unmodulated absorption spectre &
they appear asteps whereas with piezo-modulation they i ]
transform intopeaks In contrast, the sharp features at 2.309, b4

0.0

2.317, and 2.326 eV in Fig. 3 can all be attributed to extrin- 10

sic, impurity related, no-phonon transitions, which appear as - ]
peaksin the unmodulated absorption spect4igure 1 cor- 20k T
responds to a nominally undopeaktype substrate with an ' 2.30 230 234 236 2.38 240
unintentional sulfur concentration of*210'® cm 3. Hence Energy (eV)

the intrinsic features are relatively strong, while the extrinsic

feature at 2.309 eV is barely visible. In contrast, the intrinsicF!G. 2. Piezo-modulated transmission spectrum of S-doped GaP, showing a
. . . . arge signature labeled C, ascribed to S-bound excitons, as well as a rela-

,features becpme r,e,latIVEIy Weak Wlt,h an increase in the do ively smaller signatur¢A) of excitons bound to nitrogen in the nominally

ing level of impurities as seen in Figs. 2, 3, and 4. On then free sample. Cis attributed to the first excited state of the S-bound

basis of such piezo-modulated transmission spectra of sexciton. The nominal sulfur concentration-s10'’cm 3.
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FIG. 3. Piezo-modulated transmission spectrum of heavily S- and N-dope&!G. 5. Piezo-modulated transmission of the same sample as in Fig. 1 but at
GaP, exhibiting large signals of excitons bound to impurities. The signaturé higher temperature of 120 K. At this temperature the zone boundary
atEj, is due to free excitons, i.e., without phonon emission, being allowed-A(X) and TAX) phonons are sufficiently populated to allow a simulta-

by the partial loss of translational symmetry due to the presence of isoeled1€0us observation of the wave vector conserving free excitonic signatures
tronic N. The nominal sulfur concentration is10t cm 3. associated with the creation as well as annihilation of the phonons, labeled

with subscripts e and a, respectively.

acoustic and optical phonons having a wave vegtolose to
the X pOint. The interband, or equivalently, the free eXCitoniCin the transition probabmty for the process with tﬁ‘q in-
transitions occur in piezo-modulated transmission spectra abrmediate state is much smaller than those involipgor
Egx*fiwpn (plus for phonon emission and minus for phononx the LA assisted transitions are expected to be the stron-
absorption. HereEgyy is the exciton energy antlwy, is the  gest phonon assisted transitididdere an implicit assump-
relevant phonon energy. Choosing the P atom as the origifion is made that the 5% departure of ke of the conduc-
the LO, TO, LA and TA phonons in GaP, witf) vectors  tion band minima from X is not significant for thek
corresponding to the X point, have;XXs, X; and X sym-  selection rule. On this basis, the strong peak that appears at
metries, respectivel§. The symmetry of a phonon involved 2 362 eV in the spectra of all the samples is attributed to the
in an indirect transition depends on the symmetry of the A (X) phonon assisted transition. Consistent with the pho-
intermediate electronic Sta(this virtual transition to the in- non energies deduced from inelastic neutron Scattéﬂﬂm
termediate state does not conserve energy—although it hagature at 2.343 eV is attributed to the TA assisted tran-
to conserve wave vector as a result of crystal translatio’jtion. Based on the energies of the (Xp and LOX) given
symmetry. Therefore, transitions via the lowest conduction by inelastic neutron scatteriffty(45.6 meV and 46.8 meV,
band atl” (symmetryl’;) involve only phonons of symmetry respectively and the width of the signature, the feature at
X3, namely the LA phonons. Those mediated by fhg  2.375 eV cannot be uniquely assigned to an excitonic transi-
conduction band minima involve LO, TO and TA phonons, tion assisted by one or the other optical phonon. However,
whereas all four phonons can participate in the transitions vigean and Thomas have estimated that the intensity of the
the X5 valence band minima. Since the energy denominatorO(x) assisted transition is an order of magnitude larger
than that assisted by L@®). On this basis the feature is
ascribed to TQX).
1.0 B LI R e S B R As all the above measurements were performed at low
LAX) T=6.0K temperatures, the indirect transitions are excitonic in nature
and k-conservation involves only the emission of phonons.
Features corresponding to the indirect transitions assisted by
the absorption of phonons appear distinctly at temperatures
exceeding 50 K; a typical spectrum at 120 K for the undoped
sample is shown in Fig. 5. The positions of the excitonic
transitions associated with phonon absorpti&g,- 7 w,p),
labeled with subscript a, in combination with those associ-
ated with phonon emissiorEg,+#% wpp), labeled with sub-
1ol . script e, offer a convenient and accurate method for deter-
mining energies oboth the exciton and the phonons at that
TR T S N R R T MR temperature. Indeed,w, is just half the difference between
2.30 2.32 2.34 2.36 2.38 2.40 the energies of the phonon-assisted transitions involving the
Energy (eV) emission and absorption of that phonon species. It was also
FIG. 4. The piezo-modulated transmission spectrum of N-doped GaP shoWfoUNd that, within the experimental errors in our measure-
ing a large signal for N-bound excitons. ments (not presented herethe phonon energies thus de-

o
=)
|

AT/T Piezo (x 10
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TABLE |. Energies of the indirect exciton, the associated phonons, and the transition energies of nitrogen-
bound and sulfur-bound excitons.

Piezo Luminescence Ref. 12 Ref. 32 Ref. 31
(6 K) and Ramar(6 K) (1.6 K) (s25K) (1.6 K)
Egx (€V) 2.33014) 2.333 2.3201)
TA(X) (meV) 13.12) 13(1) 13.11) 12.895)
LA(X) (meV) 31.52) 32(1) 31.51) 31.55)
TOX)/LO(X) (meV) 45.003) 44(1) 45.91) 46.510)
TOI) (meV) 45.31) 42.22) 45.21)
LOT) (meV) 50.1(1) 50.1(1)
“X" (meV) 48.31) 48.92)
Egu(N) (eV) 2.31722) zgiggg
Eg(S) (eV) 2.30942) 2.30971): C 2.3095%10)

duced do not show any observable change in the range of 3033014) eV obtained from the phonon assisted, free exci-
K=T=<120. K Therefore, the energies of the LA and TA tonic features discussed earlier.

phonons deduced from Fig. 5 were used, along with the low

temperature data in Fig. 1, to obtalfy, for GaP at 6 K.
Dean and Thomasfollowed this approach in their analysis
of the intrinsic absorption edge whestepsare observed As discussed above, the excitonic transition from the
corresponding to the thresholds of the different phononvalence band maximum to the conduction band minima near
assisted transitions. We emphasize the advantage of piez¥-in pure GaP at low temperatures occurssgi+# wpp in
modulation of the transmission spectrum in the indirect tranpiezo-modulated transmission spectrum. In contrast, the ex-
sition range with absorption coefficients less than 100tm citonic recombination following the excitation with a photon
The modulation technique ignores the featureless monoteenergy much larger than that of the indirect energy gap, fol-
nous increase of absorption, leaving only the distinct maximdowed in turn by thermalization, occurs B, —f w,,, again
corresponding to the thresholds. Finally, the binding energiewith phonon emission fork conservation. The phonon-

of excitons bound to nitrogen isoelectronic trapsassisted excitonic features in photoluminescence and in
[Egx—Egx(N)], and sulfur neutral donorgEgy—Eg(9)], piezo-modulated transmissidmthrecorded at low tempera-
were deduced from the positions of the nitrogen-bound antures, should thus make their appearance as mirror images in
sulfur-bound excitonic signatures in Figs. 2, 3, and 4 atenergy with respect td,,. It is therefore of interest to
Eg«(N) andE,(S), respectively, together with the value for record the excitonic signatures in this manner and deduce
Egx- In Table I, our values oEgy, Eg(N) andEgy,(S) are  Eyy as well aswpy, from such a study as was indeed accom-
compared with those from Refs. 12, 31, and 32. plished by Parket al3 for monoisotopic Ge.

For the samples with a strong N-bound excitonic signa-  Motivated by this approach, we measured the spectra of
ture, a feature was observed in their modulation spectra, at ahe recombination radiation for the samples used for piezo-
energy close to, but above the expected free excitonic bantiodulated transmission. Figure 6 shows the photolumines-
gap. In Fig. 3 this feature appearsEegtx=2.3306 eV, about cence spectrum for the same sample as that studied in Fig. 1.
0.5 meV aboveEy,; its strength is strongly correlated with As can be seenno signatures were observed at 2.3169,
that of the N-bound excitofA-line) suggesting its associa- 2.2985, and 2.285 eV expected for T8, LA(X), and
tion with the presence of Rf Substitution of P atoms with N TO(X) phonon-emission-assisted free excitonic transitions.
perturbs the translational symmetry of the lattice and hencén contrast, distinct peaks appear at 2.3173 eV and 2.3097
allows the no-phonon free exciton transition which wouldeV, consistent with the positions for excitons bound to N
otherwise be forbidden. It is interesting to speculate whetheflabeled A and B and to S(labeled G, respectively. In
the 0.5 meV shift in energy aboVg,, can be attributed to piezo-modulated transmission, the phonon-assisted free exci-
the GaP being an incipient “alloy” with a small fraction of tonic transitions manifest themselves in a pronounced man-
GaN (E4=3.5 eV). Mobsbyet al3* have made a similar ob- ner, whereas the S-bound excitonic signature is barely no-
servation in the change of GaP band gap involving As. ticed and the N-bound excitonic feature is below detection. It

For the heavily S-doped samples, besides the no-phonaa clear that, after the free excitons are created, they are rap-
C line at 2.3094 eV, a second weaker featurea€2.3255 idly captured by the N and S impurities, followed by the
eV is observed in the modulation spectra, as seen in Figs. @bserved radiative decay. In Fig. 7 the features in photolu-
and 3. This feature is attributed to the first excited state of theninescence and the corresponding signatures in piezo-
S-bound exciton& With this interpretation and a simple hy- modulated transmission associated with excitons bound to S
drogenic model for the bound exciton, the difference in theand N can be easily seen. At lower energies the photolumi-
energies between’'Gnd C yields (3/4)Eq4—Ec); the value  nescence spectrum also shows signatures of the donor-
of Eg« thus deduced is 2.3309 eV, in good agreement witracceptor pair recombination involving S donors and carbon

B. Photoluminescence spectra

4334 J. Appl. Phys., Vol. 82, No. 9, 1 November 1997 Alawadhi et al.
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FIG. 6. Photoluminescence spectrum of a GaP sample similar to that used in
Fig. 1. The inset shows the first order Raman spectrum excited with
N.=5682 AKr' radiation and displayed with an energy scale identical to
that used for the main figure arftw, shifted to match the energy of the
A line.

2.32

2.24 2.28

Energy (eV)

FIG. 8. The S signature in the photoluminescence spectrum of a nominally
undoped GaP substrate) and its suppression in a GaP epilayer separated
from the underlying GaP substrate by a GaP/AlGaP superlattice and GaP

acceptorg_e In F|g 8(a) the phot0|uminescence spectrum of buffer layer(b). The spectra werg excited with t'he 4416 Aline of the HeCd
a GaP substrate is shown where S-related features are strdpge" the larger background ia) is due to the five times larger pows0
. . compared to that irb).

ger than those associated with N. It should be noted that aW

these aspects are strongly dependent orextiensic proper-

ties of GaP. dependent’ the exciton bound to neutral sulfur always ap-

It is well known that the recombination radiation spec- pears as a single line C. While phonon replicas appear dis-

trum of a semiconductor exhibits signatures associated witkinctly for the A and B lines, such signatures are very weak

excitons trapped at defect centers; the energy positions @ér the C line, even in heavily S-doped specimens we have

suchbound excitoniqBE) transitions allow one to deduce studied(spectra not presentedrhis has been attributed to C

the binding energies referred to that of the free excit®i#S.  resulting from excitons weakly bound to a shallow, neutral

Among the impurities in GaP known to produce bound ex-donor, whereas A and B arise from excitons bound to a iso-

citons, sulfur and nitrogen are the most commbWhereas  electronic, isolated N Two of the replicas occur at energies

the nitrogen bound exciton shows a splitting into lines A andconsistent with electronic transitions accompanied by zone-

B due to the spin—spin interaction of the electrons and holesenter optical phonons with energies 50.1 meV {).@nd

their relative intensity being strongly temperature 45.3 meV (TQ). The inset to Fig. 6 shows the Raman spec-
trum of the same sample displayed on the same energy scale,
the energy of the exciting laser radiatiofid¢y, =2.183 eV)

25 T T T

20—

DA - Pairs

Intensity (kcps)

Intensity (a.u.) _|

hoy o
—

_ __/\/Y::airs_
1 T |

210

2.20
Energy (eV)

2.30-

2.34
Energy (eV)

232

2,36 2.

38 2.40

Ratio AT/T (10%)

from a Kr* laser being aligned with that of line A in the
photoluminescence spectrum. The association of the phonon
replicas of A in combination with L@ and TG is under-
scored by dashed lines.

Other photoluminescence signatures, however, could not
be conclusively attributed to single phonon modes. In the
context of the features located at 48.3 mgyj, ~12.5 meV
(TA) and ~22.5 meV (LA) below A, Zhanget al3® have
recently made a careful analysis of alternate models pro-
posed for the underlying electron—phonon interaction. One
model assumes momentum conservafidiC) during the in-
teraction, whereas the other appeals to the “configuration
coordinate” (CC) picture in order to interpret the phonon
sidebands. Zhanet al. conclude that the former is appropri-
ate for shallow donors and acceptors, such as S and Mg,
while the CC model is more relevant for excitons bound to

FIG. 7. Piezo-modulated transmission and photoluminescence spectra, fdoelectronic impurities like N. On the basis of the CC

the sample used in Fig. 3, compared to show the signature for S-bound a .
N-bound excitons in both; the characteristic DA pair spectra and its LO odel, features labeled TA and LA are ascribed to the A

assisted satellites are displayed. The photoluminescence was excited wiHC\a”Siti_onS accomp'c_mi_ed by tranS_VQrse and _|(_)ngitUdina|
the 4965 A line of the AT laser. acoustic phonon emissions, respectively. The origin of the X

Alawadhi et al. 4335
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line is ascribed to the A transition in combination with the
LO phonon branch, the peak reflecting the one-phonon den- g os8
sity of states. Other labels in Fig. 6 are based on the assign- -
ments for A and B transitions accompanied with LO'Or, S 04r
X, TA, LA and their combinations/overtones. Lines 1 and 2 g 00 :
are in turn acoustic phonon replicas of {AOr), (A—X), e Ml
(A—LOy) and (B-LOy), whereas 3 and 4 are associated 5 o4l
with acoustic phonon replicas of (A2X), (A—X—-LOy)
and (A—2LOr) and 5 with their optical phonon replicas. 0091
In heavily N-doped GaP specimens, excitons bound to = -
pairs of nitrogen atoms, located sufficiently close to each % 0.06
other, have been reported; they give rise to a series of dis- & i
crete NN lines according to the possible discrete internuclear A 0.03
distances® As mentioned earlier, heavily doped GaP % 1
samples may give rise to the so-calldgnor-acceptor(DA) 0.00 L Ly Ly
pair spectra. More than 100 separate lines have been resolve ’ 2.30 2.32 2.34 2.36 2.38
at low temperatures and low excitation power densitiés. Energy (eV)

They are produced by pairs of donors and acceptors, sepa- _ o
FIG. 9. (8 The piezo-modulated transmission spectrum through a pure GaP

r_ated by d!screte @stances.accordmg to t.he possible IOC%pilayer separated from the underlying S-doped substrate by a Bragg stack.
tions consistent with the zinc-blende lattice geometry 0fthe strong S signature is attributed to the substfal@he piezo-modulated

GaP. The distance-dependent, Coulomb-like interaction beransmission of the epilayer only, observed in the reflecting geometry, by a

tween a donor and an acceptor then gives rise to the discref'@“ble traversal through the epilayer and a reflection at the Bragg stack.
. . . . Note the absence of the S signature.

series of lines observed in Fig. 7.

C. Out-diffusi f sulfur in MBE th .
ut-driiusion of sufiurin grow shows the S signaturg€ and C) as well as TAX) and

The presence of S and N, which enter the crystals during A (X). In a dramatic contrast, the piezo-modulated spectrum
crystal growth as unintended dopants, has prevented the okecorded in theeflectiongeometry[Fig. 9b)] displays only
servation of the phonon assisted free excitonic signatures ithe LA(X), the strongest phonon-assisted excitonic signature,
the photoluminescence spectra and frustrated the deductiatith no hint of C and C. It must be emphasized that in the
of Eg, from a comparison of such a signature with that in thereflection geometry employed, one in reality observes the
piezo-modulated transmission spectra. Attempts to observaransmission” of the epilayer only, thanks to the return of
the free excitonic signatures in a presumably pure epilayethe transmitted light by reflection from the underlying Bragg
grown on a GaP substrate by MBE also failed. It has beestack. When the piezo-modulated reflectivity is recorded
conjecturedf* that S present in a GaP substrate might outfrom the substrate side, thA R/R) versus photon energy did
diffuse into a GaP epilayer grown on it. In addition, both reveal the presence of S as in Fig. 1, the substrate being from
piezo-modulated transmission and luminescence do not dishe same parent material. These facts of observation clearly
criminate between the signatures which originate in an epildemonstrate that C and @riginate in the substrate and any
ayer and those from the substrate. As a strategy to inhibit theut-diffusion of S into the epilayer has been successfully
possible out-diffusion of S from the substrate as well as trevented by the superlattidBragg stack and/or by the
achieve optical isolation, heterostructures were fabricategGaP buffer layer. Our experiments do not reveal whether the
with MBE in which the final epilayer is “shielded” from the prevention of out-diffusion has been accomplished by the
underlying GaP substrate by heterostructure or by the buffer alone or by their combina-
tion; the former is needed for optical isolation, whereas the

a) a GaP/A) Ga,gP superlattice consisting of 20 50-A-
@ A G P ¢ buffer layer is essential for the heterostructure growth.

thick alternate layers and
(b) a “Bragg stack” consisting of 15 alternate layers of
398-A-thick Aly sGa, sP and 363-A-thick GaP. IV. CONCLUDING REMARKS

In both cases, the heterostructures were grown on the sub- The objective of the present investigation was to
strate with an intervening buffer of GaP. In Figb8the simultaneouslyobserve the phonon assisted free excitonic
luminescence spectrum from an epilayer fabricated with arransitions in photoluminescence and in absorption, as re-
intervening superlattice indeed showed a significantly diminvealed sensitively in piezo-modulated transmission. As
ished C line compared to that from the bare substrate onoted, the modulated transmission of specimens relatively
which the heterostructure was groWhig. 8@)]; this sug- free from S and N did reveal strong signatures at
gests a much reduced S concentration in the epilayer. The By +#%wp,, but we were unsuccessful in observing their
signature(A line), however, shows an increase with respectmirror images aEy,—7% wpp, in photoluminescence. Instead,
to that in the bare substrate; it appears that the increase is due observed signatures of excitons bound to S and/or N as
to the residual B in the growth chamber. The piezo- well as their phonon replicas. However, the free excitonic
modulatedtransmissionspectrum of a heterostructuffig.  signatures, observed in piezo-modulated transmission for
9(a)] consisting of a GaP epilayer grown on a “Bragg stack” Eq,—# wp, at elevated temperatures and the phonon replicas
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