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The up-conversion of photoluminescence in a series of GaAEredGalnR heterojunctions has been
investigated using high magnetic field and high pressure. Samples which exhibit this effect have been dem-
onstrated to have a type-Il band alignment and also localization centers in Gadnfe samples revealing a
type-l band alignment do not show this effect at atmospheric pressure. However, such a sample exhibits
up-conversion under a hydrostatic pressure of 1.2 GPa. Our results establish a type-1l band alignment as one of
the key elements for explaining the observed up-conver§i®il63-18207)50224-4

It is now well established that the alloy @a, _,P where tween these two mechanisms it is important to determine the
x~0.50(to be abbreviated as Galp)forms an ordered natu- band alignment of both samples which exhibit PLU and
ral superlattice with the CuPt structure when grown bythose that do not. In this investigation, we use high-
metal-organic chemical vapor depositioMOCVD) on  Magnetic-field and high-pressure techniques to demonstrate a
[001] oriented GaAs substratésyhereas a random alloy re- Strong correlation between PLU and a type-ll band align-
sults from growth by liquid-phase epitaxy. The band gap ofment. In particular, a sample exhibiting no PLU at atmo-

ordered Galngtan be reduced from that of the random alloy SPheric pressure has been made to do so by the application of
ressure which tends to produce a type-Il band alignment in

by as much as 0.1 eV. Using hydrostatic pressure Chelj’. X
et al? have shown that the band alignment between rando is system. Our results suggest that the TS-TPA mechanism
Involving a type-1l band alignment is responsible for the ef-

GainP, alloy and the GaAs substrate is of type | with 2 ficient PLU at the GaAs/GalnHnterface. We note that the

;:r?ndutcglon—band offs((;t of~60|mev \gh'%h |sﬁmu§h ?m:;llgr processes reported recently in Ref. 6 and involving localized
an the corresponding valence-band offsabou excitons in type-I quantum wells are different from the TS-

meV). The offset between partially ordered GajaRd GaAs TPA mechanism.

is less well known. It3is usually assume_d to be type I also.  \we have studied a series of Gaynépilayers of thickness
RecenFIy, Froyeret al” have calculated it theoretically for _q um grown by MOCVD on ap-type GaAs buffer layer
both disordered and completely ordered GalriFhey pre-  geposited on g001] oriented semi-insulating GaAs sub-
dict a type-Il band alignment between completely orderedstrate. The growth temperature varies between 650 and
Galn; 4P and GaAs. However, because real samples args0 °C while the V-III ratio varies between 100 and 400.
only partially ordered, it is difficult to predict their band The lattice mismatch between the epilayer and the GaAs sub-
alignment precisely. strate is typically about IC° or less. When excited by the
Since the report by Driessérof a rather efficient up- 2.41-eV (514.5 nm line of an Ar" laser at liquid-He tem-
conversion of near-infrared photorienergy near the band perature the “normal” photoluminescen¢RPL) spectra of
gap of GaAg into visible photongenergy near the band gap these samples exhibit excitonic peaks varying between 1.88
of GalnR) with fairly low power cw lasers, there is a debate and 1.93 eV, indicating different degrees of partial ordering
about the mechanism responsible for this effect. Understandn these samples as confirmed independently by electron dif-
ing this mechanism is important for possible applications offraction patterns. “Up-converted” photoluminescendel)
this phenomenon in devices such as uv lasers or infrareexcited with either the 1.60-eV output of a Ti:sapphire laser
detectors. Driessémas proposed Auger processes at a type-br the 1.834-eV line of a Kt laser was observed in three of
GaAs/GalnR interface as the relevant mechanism.é@al® the samples grown under different temperatures. There
have instead suggested a two-step two-photon absorptiseems to be no correlation between the degree of ordering
(TS-TPA) process since they observed up-conversion eveand the presence of PLU. The power density on the samples
when only holes localized on acceptors are excited. In thisvas typically about 1 W/cf The emission spectra were
model, a type-1l band alignment would facilitate the photo-analyzed by a triple DILOR XY spectrograph equipped with
luminescence up-conversigRLU). Thus, to distinguish be- an optical multichannel detector. Magnetic field up to 23 T
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FIG. 1. Emission spectra of T700 and S1 in both the GaAs

region(around 1.50-eV regiorand the GalnPregion a0 T and 1 )
bar. The broken curves show the up-converted photoluminescence. FIG. 3. Plot of the deconvoluted peak enerdisse textvs B in

T700 for(a) the up-converted spectra of Gapdhd(b) the 1.49-eV

was applied by a modified resistive Bitter magnet while highstructure in GaAs. The solid lines are least-square fits of the data
pressure was generated with a diamond anvil cell using B0ints with a straight line.
standard methanol/ethanol mixture as the pressure medium.

Here we shall concentrate on the results obtained fronThe up-converted GalpPpeak behaves differently. Its two

two samples labeled T700 and S1. They have been grown gbmponents appear to merge togetheBas increased.

the same temperature but with a different V-lll ratio. In Fig. By deconvoluting the emission peaks in Fig. 2 we obtain
1 we compare their NPL spectra excited by thé Aaser and  their magnetic-field dependence as shown in Fig. 3. Unlike
also their upconverted PL excited by a 1.60-eV photon enthe quadraticfield dependence of the excitonic peak in the
ergy laser. While T700 exhibits strong PLU, S1 shows noNPL spectra of Galnpreported previously the structures in
sign of PLU at even high excitation intensities. We note thathe upconverted spectra exhibitliaear field dependence
the up-converted spectrum is broader than the NPL spectrufiFig. 3(a)]. A linear variation with a field of such an optical
and can be deconvoluted into a superposition of at least twgecombination is usually assigned to either a transition in-
Gaussian peaks. The relative intensities of these peaks degelving a free electron and a free hole, or a free carrier and a
pend on the excitation wavelength and power density. Folocalized carrier. In the former case, the linear field depen-
completeness we show in Fig. 1 also the PL spectra of GaAdence is given bgB/(2u1) where u is the reduced mass of
measured under the same conditions as the GadpEctra. the electron and hole. In the latter, the linear field depen-
Figure 2 shows the evolution of the different spectra withdence is determined by the carrier mass via eB/(2m*)

high magnetic field B) for a constant excitation power den- assuming that the localized carrier has a negligible Zeeman
sity. We notice that at moderate fields the low-energy pealsplitting. From the slope of the fitted linear relation to the
(at 1.49 eV at 0 Tsplits into two components with different data points, we find théthe higher-energy peak involves a
linewidths: a narrow peak at 1.492 eV and a broader one dbcalizedelectron and a free holeffective massn® equal
1.489 eV. The latter grows in intensity at the expense of theg 0.24ny) while the lower-energy peak is attributed to a
former until at 20 T the broader peak becomes dominantecombination of docalizedhole with a free electrofeffec-

tive massm} equal to 0.08#,). The possibility that the
observed transitions involve two free carriers is eliminated
b) by the fact that the known reduced mass in GaldBagrees
with their field dependence. Furthermore, the free carrier
masses are determined based on the second interpretation,
and are in good agreement with the values~e8.25 and
~0.09m, reported previously by Jonest al.” We should
| point out that the other samples which show PLU all exhibit
| A\ similar linear magnetic-field dependence and the same
e T | AN masses for the electrons and holes in Galakhough their
RN A | \ up-converted emission peak energies may differ. The linear
, AN | , ] magnetic-field dependence of the PLU peaks is strong evi-
148 150 152 185 190 195 dence that at least orlecalized carrier is involved in the
up-converted emission, consistent with the suggestion of
E@V) EEV) Driesserf.
A similar analysis of the low-energy portion of the GaAs
FIG. 2. The magnetic-field-dependent emission spectra of T70@mission spectra around 1.49 eV in sample T700 leads to the

T700 a) T700
42K

4.2K

Intensity (arb. units)

in (a) the GaAs band-gap region arfb) the GalnB band-gap re- linear magnetic-field dependence shown in Fi¢p)3This
gion when excited by photons of 1.60 eV. suggests that a free and localized carrier is also involved in
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each of these transitions. From the slope of the least-square T
linear fits to the data, their effective masses are determined to r ]
be 0.0, and 0.084n,, respectively, for the high-energy L s1 7K 1.2GPa ]
o . ; L E_ =1.834eV

and low-energy peaks. Similar results and almost identical - exc i
masses are obtained from the other samples which exhibit C / \;\
PLU. The higher-energy component can be identified as due - ‘ !
to the radiative recombination between a free electron in the i\
conduction band of GaAs(effective mass equal to

0.067#ng) and a hole localized on an acceptor. The interest- 42K 1bar ]
ing result is that the mass of the carrier associated with the C <E,_=1.60eV. ]

lower-energypeak suggests that it involves a free electron in AR i S—

1 1 1 1 | 1 1 1 | 1
the conduction band of Galnfrecombining with a local- 14 15 16 17 18 19 20 21
ized hole in GaAs. The relative energies of these transitions
suggest dype-Il band alignmentThis proposal is consistent EEV)
with the change in intensities of those two peaks with mag-
netic field as a result of thermalization. In principle, a band FIG. 4. A comparison between the emission spectra of S1 mea-
offset of about 3 meV can be deduced from the zero-fieldsured at 1 bar and at 1.2 GPa. The up-converted spectra are repre-
splitting of these two peaks. In practice it is necessary tcsented by broken curves. Notice that the GaAs emission peaks are
consider effects such as those associated with the opticahifted to higher energy by pressure.

transition matrix elements and band bending due to built-inmined completelv by the localized excitons. In the present
electric fields(see below in determining the band offset P y by ) P

D\ N . model, the one-photon excited electrons and holes are sepa-
from the emission spectra. Similar “apparent” band offsets : i
rated spatially across a type-ll interface. The electron-hole

g;rﬁblc;ustsigsvirr? eI\D/Lﬁr(elna(i?)%t?;;f I'?heed nl:;omnei?c%fig}gijrewéggair lifetime and PLU efficiency can be controlled by the
P 9 ' ' 9 Pe Y and bending at the interface. Before concluding, we should

dence of the~1.49-eV transition measured in sample S1 is oint out that a piezoelectric field is produced by the CuPt
characteristic of the well-known donor-acceptor transition in? . P P y .
ordering of Galnk. Recently, the existence of this electric

GaAs(Ref. 9 and therefore this sample is expected to havefield has been demonstrated both theoretidallgnd

a type-| alignment. experimentally:>'* In a partially ordered and single-variant

To show conclusively that a type-ll band alignment is N )
i . sample, this field has been determined to be 32 mV/nm
necessary for the up-conversion of PL at the GaAs/GalnP ointing away from the GaAs substrate towards the

heterojunction, we applied hydrostatic pressure to sample S alnR* Thus this ordering induced field helps to propel the

It is well established that pressure tends to increase the e le excited in the second absorotion step into Galukile
ergy gap between thelike conduction-band minimum and . osorp P Al
keeping the electrons localized near the type-Il interface.

the p-like valence-band maxima at the Brillouin-zone center f this is that the f | b

in zinc-blende-type semiconductdfSince the pressure co- One consequence of this Is that the free electrons contribut-

efficient of the GaAs gap (115 meV/GPais much larger ing tfo the PLU should form a two-dimensional gas at the
interface.

than the corresponding coefficient of 76 meV/GPa in par- In conclusion, we have studied the up-conversion of pho-

tially ordered GalnR (Ref. 12 one expects that hydrostatic . . . !

pressure will raise the GaAs conduction band relative to tha}mummescence N a seres O.f G_aAsﬂereanlnFﬁ hetero

of Galn,_,P thus converting a type-I conduction alignmemjunctlons using high magnetic field and high pressure. The
1-x magnetic-field dependence of the upconverted PL spectra

to type Il at a sufficiently high pressure. When this occurs . e .
PLU will be “turned on” if the TS-TPA mechanism is cor- shows that they involve a recombination of localized and

rect. Indeed we observepmessure-induced PLUh S1 at a free carriers. All samples exhibiting PLU at ambient pressure

) . have a type-Il band alignment. On the other hand, a sample
pressure of 1.2 GP@ee Fig. 4. Furthermore, we notice that which does not show PLU as a result of type-I alignment has

;t?oer\]Nstrigtglz‘?xvfnrg\]/ehnggg th:;réze _(I:I_ginso(r:—;r(]:cbeeptg; tlr;rr:'e?een “pressured” to do so by converting its alignment into
y PP : P ype Il. Thus a two-step two-photon absorption process oc-

by a spatially indirect transition between an electron in?™ "~ T . .
GalnR, and an acceptor in GaAs as in T700. A more defini-curing at a type-ll interface and possibly assisted by an

tive identification requires the simultaneous application ofbu”t_in electric field s the key to understanding the efficient
d o : PP PLU at the GaAgbrderedGalnR heterojunctions.
both pressure and magnetic field, a project we intend to carry

out in the near future. However, since this experiment has The Grenoble High Magnetic Field Laboratory is “Lab-
been reproduced on different pieces of the sample S1, it isratoire conventionnea 'UJF et I'INPG de Grenoble.”
clear that a type-ll band alignment has been achieved in S1.Z. acknowledges partial support from Grant No.
which makes PLU possible. ERBCHGECT930034 of the European Commission and
The TS-TPA process discussed in this paper and in Ref. &Grant No. 202/96/0021 of Grant Agency of the Czech Re-
is different from previously studied TS-TPA mechanismspublic. This work was supported by the Director, Office of
such as in Ref. 6. In those mechanisms, all the transitionEnergy Research, Office of Basic Energy Sciences, Materials
occur within the same material. This greatly limits the flex- Sciences Division, of the U.S. Department of Energy under
ibility in utilizing this phenomenon in applications. For ex- contract No. DE-AC03-76SF00098. P.Y.Y. is grateful to the
ample, in type-lI qguantum wells, the one-photon absorption). S. Guggenheim Memorial Foundation for financial support
process and the lifetime of the intermediate state is deterand to K. L. Teo and Z. P. Su for many useful discussions.
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