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Influence of domain size on optical properties of ordered GalnP 5
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Using dark-field transmission electron microscopy images of ordered GalnP samples, we show how
the ordering domain size depends on the growth temperature. Samples with different average
domain sizes are compared with regard to their photolumines¢@hgeand excitation spectra. We

find a close correlation between the size of the ordered domains and the relative intensity of the PL
peak from band—band recombination compared with the rapidly shifting, below-band-gap
luminescence emission. @996 American Institute of Physids$S0021-897¢26)06304-5

I. INTRODUCTION These changes in the intrinsic band structure of the or-
dered material are well understood theoretically and are con-

GalnR, grown lattice matched on GaAs substrates byfirmed by optical spectroscopy* Nevertheless, some more
metal-organic vapor-phase epitaylOVPE), has achieved properties concerning the microstructure of ordered GalnP
considerable interest in both basic research and Commerciare still unclear. In particular, |ow_temperature photolumi_
application. Due to its high direct band gap, the material isyescencdPL) spectra are dominated by a peak that comes
used in red-light-emitting laser diodes and light-emitting di- frqy, below-band-gap transition€L0...50 meV below the
odes (LEDs)'~ as well as for high-efficiency solar cefls.  fundamental band ga@and moves to higher emission energy
The research activities are focused on the phenomenon gfii, increasing excitation intensity“moving” emission).

spontaneous long-range ordering of the group-Ill constitupyeyious work>2has established the following facts about
ents Ga and In on a monolayer superlattice oriented in #his PL feature:

[111] direction during the growth process. It has been shown
that this type of CuRtordering occurs in many Ill-V com-
pounds if appropriate growth conditions are chosfm a
recent overview see Ref).5Nevertheless, most of the ex- (8 its dependence on excitation intensity is much stronger
perimental work carried out so far concentrated on the than expected for a donor- or acceptor-related optical
GalnR compound. This is because of the fact that relatively ~  transition??* and

strong ordering occurs in this alloy at growth conditions that(b) it vanishes with decreasing order paraméteithough

are very close to those leading to the highest-quality material an impurity would also appear in the disordered mate-
in MOVPE (i.e., growth temperatures of about 750)°@ rial.

appears that almost every GalnP/AlGalnP alloy used for op-
toelectronic devices shows some degree of guitlering.

Therefore, knowledge about material parameters that deperme mgvmg em|§S|on. I.n.stead, PLE spect'ra momtqred with
on the degree of order is also useful for the design of degetectlon energies positioned at the moving emission show
vices. the same band edge as those monitored on the free exgiton.

It has been shown theoretically and experimentally, that (3 The lifetime of the moving emission is extzr(()emely
ordering causes a reduction of the direct band gap and '9nd and depends strongly on the detection enétgy™
splitting of the valence band at tiepoint. Both effects are (4) With increasing temperature, the moving emission
a direct result of the reduced symmetries of tloedered first shifts to higher energy, then loses intensity compared
CuP4 structure compared with th@lisorderedl zinc-blende ~ With the direct band-gap PL, and finally disappears
structure. The degree of enrichment of Ga and In in the alcompletely'>*°At room temperature, only direct band—band
ternating planes determines the interaction of bands of equagcombination is observed, as expected from any semicon-
symmetry (level repulsion of zone-folded stajeshis ex-  ductor with a direct band gap.
plains the continuous increase of both the reduction of the On the other hand, transmission electron microscopy
band gap(mainly due to a depression of tfi& conduction (TEM) studies have shown that the microstructure of ordered
band and the splitting of the valence band from the degen-GalnPR, often consists of domains of ordered material, em-
eratel’y (zinc blendg to I'Y 5 andT'¢(2) (CuP).b~® bedded in a more disordered matfi¢* The size of the or-

dered domains seen in dark-field images strongly depends on

dpresent address: National Renewable Energy Laboratory, 1617 Cole Bo@rowth and't'zggg and may range from 10 nm up tuh
levard, Golden, CO 80401. (lateral width.=>

(1) It is not due to usual donor or acceptor stafiesu-
rities) with well-defined binding energies, because

(2) There is no absorption of light in the energy range of
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AL R R B S R B temperature of 43 °C. Finally, the slides were thinned in an
1.96 |- ) Ar* beam at the temperature of liquid nitrogen.
o4 - ] The images have been taken with the electron beam ori-
T 1 ented along the crystal[®911] direction, with a spot size on
T 192 ] the sample of about m for diffraction patterns and m
j [ \_ ] for dark-field(DF) images. The dark-field images have been
B 1.90 . taken using the}(311) reflex, because thg(111) reflex
- \ 1 yielded images with a poor contrast caused by some back-
1.88 - "= ] ground intensity of the direct beam.
el v Lo L
600 850 700 750 )
° C. Optical spectroscopy
T, [°C]

Optical measurements were performed using an argon-
FIG. 1. Solid squares: Band-gap energy of each of the samples investigatefbn laser operated in multiline modeith main laser lines at
determined by low-temperature PLE. We have used the maximum of the . .
first excitonic resonance as a measure for the bandegapwithout correct- 488 and 514 nifor PL and a tunable dye laser filled with
ing for the excitonic binding energy. Solid line: Parabola, fitted to the data adDCM (available wavelength range: 610...700 )nfor PLE.
a guide to the eye. Luminescence was dispersed by a 0.85 m double monochro-

mator and detected by a cooled InGaAs photomultiplier.

The aim of this investigation is to show

(1) how the domain size depends on the growth temperaturél,l' RESULTS

which is the only growth parameter varied here, and Figure 2 shows the diffraction patterfgransmission

(2) that there is a close correlation between the average d@ilectron diffraction(TED), left-hand sidé and the corre-
main size in an ordered sample and its optical propertiegponding DF image§DF TEM), right-hand sidg of the
as measured by low-temperature PL and excitation spegamples under investigation. Each of the diffraction patterns

troscopy(PLE). shows intense superlattice reflections of omeorder plane
orientation. This confirms the well-known fa¢that growth
Il. EXPERIMENT on a substra_te misoriented towarc[]fll],.3 direction results
in single-variant samples. The TED picture of the sample
A. Samples grown at 630 °C shows superlattice spots elongated along the

We have grown a series of four samples of bulk GalnP [190] dir'ection,.with streaks slightly tilted off the exddt00]
by means of low-pressure MOVPE, described in more detaiffientation. This has been attributed

in Ref. 20. The degree of ordering was controlled by varying(l) to a platelike shape of the ordering domains oriented

the growth temperature between 630 and 750 °C. Each \ith their longer axis nearly perpendicular to the growth
sample was grown on @00 GaAs substrate misoriented 6° direction2*?” or

off toward[111]s . The growth rate was 2am/h at a VIl (2) o closely spaced “order twin boundaries” separating
ratio of 240. The Iaygr thickness of each sample jgna. volumes of different order plane orientatigh.

We have determined the band gap of the samples by )
low-temperature PLEsee Sec. I)l. Figure 1 shows a plot of However, the latter explanation does not hold for the samples
the band-gap energy of the samples versus growth temperglvestigated here, beqause the second-order p.Iane variant is
ture T,. The solid line is a parabola fitted to the data as aOt present(see TED images As can be seen in the DF-
guide to the eye. It can be seen that the growth temperaturd$=M images, the reason for the elongated superlattice spots
of the samples cover the range of maximum ordeftg is the smallness of the ordered domains. Due to a sufficient
temperature of the highest degree of oragyax is probably domain size, the s_uperlattice spots from samgbes(c), and
about 680 °C. It is shown in Sec. lIl that there is a funda-(d) are perfectly circular.

mental difference between samples with,<TI™ and The main feature of the series of DF-TEM pictures on
samples withT ;>TH™. ’ the right-hand side of Fig. 2 is the important change in do-

main size with varying growth temperature. The order do-
mains are extended in a direction almost parallel {d.H)
plane in the case of sampléy and(d), and are nearly par-
The TEM investigations have been performed usingallel to the growth direction in samples) and (b). The
[011] cross-section slides. The slides have been prepared Bgteral domain size varies systematically from about 10 nm
gluing two GalnP surfaces togethén a stack of Si wafer in sample(a) to ~500 nm in sampléd) (Fig. 3.
pieces for better stabili}y Disks with a thickness of 50am Now we turn to the optical data obtained from these
were cut perpendicularly to the layers and mechanically polsamples. Figure 4 shows both Pdashegdl and PLE spectra
ished to a thickness of 10@m. Then, hemispherical dimples (solid), taken atT=2 K. All spectra are plotted on the same
were created on the glue line by means of a rotating coppegnergy scale to enable a direct comparison of peak energies
wheel (dimplen. A second chemical polishing was carried and linewidths. The PL spectra are taken with an excitation
out in a solution of HSO,:H,0,:H,0 (3:1:1) for 60 s at a intensity of 5 W/cr.

B. Transmission electron microscopy
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Tg = 750 OC

FIG. 2. TED patterngleft-hand sid¢ and DF-TEM imagesright-hand sidg of the samples grown at 630, 660, 690, and 750 °C. The superlattice spot that
has been used to create the DF images is marked by a white cir@g left-hand side. The superspot labels in this image, however, differ from those used
in the text. In the figure we use the denominations common in electron microscopy that asflifiecaoss-section slide of a sample witH@1) growth
direction.
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FIG. 3. Typical lateral domain size of the samples as a function of the
growth temperaturd . (b)
T,=660°C

The samples grown at 750 and 690 [¥amplesc) and
(d)] show two PL peaks. The low-energkE) PL peak of
both samples moves to higher emission energies with in-g
creasing excitation intensitypy (c) 5.0 meV/decade and by &
(d) 1.3 meV/decadg whereas the high-enerdiE) peak is
stationary. The linewidths of the HE peaks are 6.8 and 5.0:
meV for samplegc) and(d), respectively, and the linewidths
of the LE peaks aréc) 10.7 meV andd) 8.5 meV. In sample
(d) the HE peak is dominant, whereas this peak is quite weak
in sample(c). The PLE spectra A and B are monitored at the
positions indicated by arrows, respectively. Excitonic absorp-
tion resonances correlated with both valence-band edges are
clearly resolved in sampldsl) and (c); their energetic posi-
tions are indicated by dashed-dotted lines. Their separation
corresponds to the order-induced valence-band splitfing. i
Comparison of PL and PLE spectra points to the fact that the i
HE peak represents the intrinsiexcitonio band—band re- B ,: |
combinationthe Stokes shifts for samplés) and(d) are 8.8 o
and 4.5 meV, respectivelyThe origin of the(moving PL Y.
peaks, on the other hand, is still unclear. Ry

We now turn to sample¢a) and (b), grown at lower | /
temperatures. Here tHexcitonig HE emission vanishes and A s Sy o s Bt s
the single 15—-17 meV broad PL line shows all the features of 1.80 1.85 1.90 1.95 2.00
the above-mentioned LE peak: It moves with increasing ex- Energy [eV]
citation intensity, it shows long, detection-energy-dependent
lifetimes, and it shows the invert@behaviorz,o PLE spec- FIG. 4. PL(dashed and PLE(solid), taken atT=2 K. Arrows indicate the
tra, detected at the peak maximum and at the LE flank, Sho\;‘iptection energie's' of the correspo_nding PLE spectra. .The order-induced

.. . . . . valence-band splitting can be seen in the PLE spectra either by two clearly
SmOOtth rsing flanks without sharp excitonic maxima. Nev- resolved excitonic peakgc) and (d)], or as weak shoulders in the slopes
ertheless, the separation of the two valence-band edges CRB and (b)], as indicated by dashed-dotted lines. The PLE spectra are
be estimatedsee the dashed-dotted lines shifted on they axis.

So far, we conclude that the PL intensity of the intrinsic
HE luminescence peak compared with the LE peak decreases
with decreasing domain sizsee Figs. 2 and)3and even strate(bottom. We have etched part of the epilayer to dif-
vanishes completely at a critical domain signg between ferent depths on four different pieces of this sample and re-
30 and 150 nm peated the PL measurements on the leftover material.

However, it could be argued that the extinction of theEtching was done by a low-damage electron-cyclotron-
intrinsic recombination in some samples could be due to aesonance—reactive ion dry-etching procé€SER-RIE) us-
poor overall sample quality, e.g., high impurity concentra-ing an Ar/CCLF, gas mixture, as described in detail in Ref.
tions, rather than the domain size. Therefore, we have made8. The etching rate was 34 nm/min.
the following experiment on sample): It can be seen from Figure 5 shows the result. The amplitude of the LE peak
Fig. 2[(c), right-hand sidéthat the size of the ordered do- is normalized to unity in each of the spectra, and each spec-
mains varies throughout the layer. It is largest near thdrum is plotted on the samg axis. Thus, the relative quan-
sample surfacéop), and becomes smaller closer to the sub-tum efficiency of the directexcitonig recombination can be

LE Intensity

Normalized

(c)
T,=690°C

(d)
T,=750°C

S ——
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d = 1700 nm FIG. 6. Relative quantum efficiency of the direct band—band recombination

at low temperature as a function of the remaining layer thickdess

relative quantum efficiency of the direct recombination with
decreasing layer thickness to a decrease of the average do-
main size in the epilayer under investigation, in analogy with

different possible explanations for the indirect transitions
based on the experimental evidence gathered so far.
(d) (1) Some experiments on ordered GalnP have been in-
terpreted by assuming a variation in order parameter through
the sample volunf@3° together with a type-Il band offset
between regions of different degrees of ortfer 31 -34This
situation leads to a localization of photoexcited electrons in
domains of higher-order parameter, whereas holes tend to
relax into regions of lower-order parameter. Indirect recom-
bination processes between these spatially separated regions
give rise to luminescence with photon energies below the
fundamental band gap. This scenario is consistent with all
the reported features of the low-energy emission, such as
280 nm long lifetimes, absence of absorption, and shift to higher en-
ergy with increasing carrier densitgue to a saturation of
the transitions?®
Our experiments on the domain size also support this
interpretation. If we assume that the domains that can be
seen in the DF images differ slightly in their degree of order,
——— T then we expect indirect transitions to occur at domain bound-
182 184 186 1.88 180 192 aries. As the density of domain boundaries in the volume
Energy [eV] increa_ses with decreasing dqmain size, we ex_pect the indirect
transition to become more important. This is actually ob-
FIG. 5. PL spectra of the sample grown at 690 °C, after etching a part of théerved' For very small domairexciton diffusion radius or
epilayer. The PL of the as-grown sample is shown(@n The remaining Smalle), we do not even have a well-defined band gap any
thicknessd of the layers after etching is given in each figure. more, which explains the absence of the HE peak and the
smeared-out PLE spectrum of our samples grown at 660 and
630 °C; however, we cannot directly prove that the LE peak
directly seen in the intensity of the HE peak. The peak ratiocomes from domain boundaries using the experiments de-
as determined from spectfa)—(e) of Fig. 5 by integrating scribed above. This is currently being investigated. It is also
the areas under the peaks, is plotted against the remainimpssible that there are order parameter variations on a length
layer thicknesgl in Fig. 6. We attribute the decrease of the scale different from the one seen in the domain images.

Normalized PL Intensity

d = 570 nm

the above-described results from different samples with dif-
(c) ferent domain sizes.
d = 750 nm
IV. DISCUSSION
We conclude from these experiments that the indirect
transition in ordered GalnP is correlated with the domain size
as determined by TEM DF images. In this section we discuss

J. Appl. Phys., Vol. 79, No. 5, 1 March 1996 Ernst et al. 2637



Then, however, this length scale is different in the four(1) by comparing PL spectra of different samples with a dif-

samples investigated here, in similarity with the domain  ferent average domain size, and

sizes. (2) by comparing PL spectra taken from one sample after
(2) In two recent theoretical articles, Mar and Zunger removing a part of the epilayer from the top.

report on the effects of clustering on the optical properties of_, . . . L . .
=V aIons.35'36 Besides a band-gap reduction, the authorstrhls also results in a different domain size in the investigated

o : . volume, because the domains become smaller when going
predict(in the case of Galnfp a type-II-like band alignment closer to the substrate.

between Ga and In-rich clusters. According to these calcula- : :

. : . Samples with smaller ordered domains are shown to

tions, the electron wave functions should be localized on, - . .
ave a weaker, even completely vanishing, direct recombina-

Ga-rich sites, whereas holes are localized on In-rich region%iOn eak in PL and a smeared-out band edae as measured b
These clusters are therefore able to act as isoelectronic tranp-’?_Epwith N0 excitonic resonances 9 y

for both electrons and holes. These traps are likely to occur : .

: T y . These results have been discussed with regard to pos-
with varying “binding energy.” They provide another pos- . . L . e

. . : . ible explanations of the origin of the moving emission. Fur-
sible explanation for trapping and separation of electrons an . -

. . . er experiments, however, are needed to make definite con-
holes and subsequent spatially indirect transition. .
N . . . Clusions.
If clustering is the explanation of the moving LE emis-

sion, we have to conclude from our experiments that
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