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Interface-induced conversion of infrared to visible light at semiconductor interfaces
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Efficient, low-temperature conversion of infrared light into visible ligled, orange, greens reported at
single heterojunctions and undoped quantum wells of GaAs and ordef&hAl,InP,; an increase in photon
energy of 700 meV is obtained. The signal originates from the high-band-gap layers and disappears only if the
excitation energy is tuned below the GaAs band gap. The intensity of the up-converted photoluminescence
(PL) is found to decrease significantly slower with increasing temperature than that of the regular PL and it
remains observable up to 200 K. Interface-induced cold Auger processes along with the presence of trapped
states for both electrons and holes in these ordered alloys account for this nonlinear mechanism. A colinear
double-beam experiment confirms tHiS0163-182606)50132-3

Up-conversion is the observation of radiative transitionsconversion at type-I GaAs/GalpRterfaces with an increase
at higher energies than that of the excitation source. In genn photon energy of 400 meV. We proposed that cold Auger
eral, the observation of up-conversion requires either higlprocesses along with the presence of localization of both
temperatures to achieve, for examplg,a thermal popula- electrons and holes in the high-band-gap material were re-
tion of holes for momentuntk) conserving bulk Auger pro- sponsible for this radiative transition: this localization pre-
cesses, ofii) a thermal population of phonon modes for vents the diffusion of carriers back to the GaAs.
anti-Stokes Raman linésor it relies on a nonlinear mecha-  In this paper we present up-conversion on various un-
nism, such as two-photon absorption via real or virtual stategloped GaAs/AlGa, ,InP, heterostructures and demon-
In addition, the excited carriers should not immediately relaxstrate photon-energy gains of up to 700 meV covering the
back to their ground states to enable the observation of rd€d, orange, and green regions of the spectrum. Furthermore,
diative transitions from the excited state. Experimental obthe temperature dependence of the up-converted photolumi-
servation of up-conversion at cryogenic temperatfoesd ~ nescenceUPL) signal along with results from a colinear
up-conversioh in solids was reported only rarely and they double-beam experiment agree with the proposed generation
concerned only small energy gains or high excitationmechanism based on cold Auger processes.
densities ™ Recently, Kimet al® observed up-conversion  The up-conversion was measured on various samples with
(“anti-Stokes luminesence” in an asymmetric double- GaAs-Al,Ga;_,InP, interfaces. The epilayers were grown
quantum-well system, which they attributed to quantum oson (100 GaAs substrates misoriented 2° towddd.0] by
cillations. metal-organic vapor-phase epitaxy at a pressure of 20 mbar

In a recent theoretical paper, Zegrya and Kharchénkowith AsHj, PHj, trimethylgallium, trimethylaluminium, and
calculated that the presence of a heteroboundary substaselution-trimethylindium as precursors. Sample 1 consisted
tially affects electron-electron interaction; as a result of thesequentially of a 1.Q¢m undoped GalnRayer, an undoped
presence of the interface, theconservation requirement in  30-nm-wide quantum wellQW) of GaAs, and a 100-nm
the direction perpendicular to the interface is lifted. This al-undoped Galnktop layer. Sample 2 was similar but with the
lows channels for Auger recombination without a thermalbarrier layers replaced by AlGagdnP,. Sample 3 con-
threshold and the fast Auger particles are ejected predomtained only a single heterointerface;udn of GaAs capped
nantly in directions perpendicular to the heteroboundary.by 1 um of GalnP,. Finally, sample 4 consisted of a GaAs
They showed that this new Auger mechanism is the domibuffer layer followed by a 1.5tm-thick Aly ,Ga& dnP, layer
nant nonradiative decay process for GaAs interfaces even &ee Ref. 10 for characterization of the growth series sample
room temperature, which illustrates the importance of thet was taken from A temperature of 720 °C and a V/lI ratio
nonlinear effect. Seidel, Titkov, and co-workéexperimen-  of 125 were used during growth except for sample 4, which
tally verified (“Auger fountain” effect) the high-efficiency was grown at 760 °C.
up-conversion resulting from the cold Auger effect described The optical experiments were performed in a closed-cycle
by Zegrya and Kharchenko at InP/AlinAdheterojunctions He cryostat with a minimum temperature of 8 K. Optical
(HJ's) with their type-Il band offset. They observed photo- excitation for PL was provided by an Arlaser, and for
luminescencéPL) from the InP at 1.42 eV for laser energies up-conversion and PL excitation spectroscdpyE), by ei-
between the interface transition of 1.23 eV and the InP banther a dye laser with DCM special dy600—-700 nm; 1.77—
gap. No up-conversion from their AlinAsvas observed. Ina 2.07 eV}, or by a tunable Ti-sapphire las€r00—860 nm;
recent papet, we reported efficient, low-temperature up- 1.45-1.77 eV. To make sure that only photons with the

0163-1829/96/58)/52634)/$10.00 54 R5263 © 1996 The American Physical Society



R5264 F. A. J. M. DRIESSENet al. 54

1.8 1.9 2.0 2.1 22 23 144 1.46 148 150 152 154 156 158 1.60 1.62
PR RN S [N SN TR TR SR [N NOY SR T S AN MU SN T SN A S S T | | | | 1 1 1 |
Laser Energy sample

— x=0.4
2 1.83eV —= Detection
S = Energy
8 = 2 (QW, x=0.4) 2.21 eV
L | 194ev —> >
= VBS x=0.2 E
@ ~ 5
C S
o 2
£ ‘D
Ly & |3 (HJ) x=0) 1.93 eV
o PLE 5
% detection at 1.92 eV %
h BGR
S 1.6eV
x=0.0
1 (@QW, x=0) 1.93 eV
e T T i , tlatnas , , . . ,
1.8 1.9 2.0 21 22 2.3 1.44 146 148 150 152 154 156 1.58 1.60 1.62
Energy (eV) Laser Energy (eV)

FIG. 1. Up-convertec_i photol_um.inescence spectra from samples F|G. 2. UPLE spectra of samples 1, 2, and 3 showing a quench-
1, 4, and 3; laser energies are indicated. The signals cover the refhg of the UPL signal if the laser energy is tuned below the GaAs
orange, and green part of the spectrum. The photoluminesceng@ind gap for both undoped quantum wells and single heterojunc-
excitation spectrum of sample 1 shows a pronounced valence-bangns.

splitting (VBS) of 14 meV and a band-gap reductiBGR) of 77
meV as a result of long-range ordering. In Fig. 2 the intensity of the UPL is recorded while scan-
ning the energy of the exciting laser. These spectra show that
energy of the laser light reached the samples, the beam wage UPL signal disappears if the exciting laser energy is
directed through a prism monochromator, and appropriateuned below the band gap of GaAs. Furthermore, significant
long-pass filters were used. During PLE, the laser power wagnhancements of the signals are observed at the energy of the
kept constant using a laser-power controller. The luminesGaAs exciton(1.515 e\j. These data are similar to those of
cence was dispersed by a 0.85-m double monochromat@ur center-doped QW structdrand the middle graph in Fig.
with 1800 lines/mm gratings and detected by a Peltier-coole¢ proves that the presence of one interface is sufficient to
photomultiplier tube with a GaAs photocathode. generate the up-conversion. For sample 2 it follows that by
Figure 1 shows UPL from the barrier layers from samplesexciting at 1.515 eV an increase in photon energy as large as
1 (x=0, QW), 2 (x=0.4, QW), and 4 k=0.2, H) with 700 meV is achievedconversion of 818-nm into 560-nm
laser excitation at far lower energies, as indicated in theight). The sharp cutoff at the GaAs excitonic edge shows
graph. Itis seen that rek€0), orange X=0.2), and green that the nonlinear process is generated by the formation of
(x=0.4) up-conversion is readily obtained by varying theelectrons and holes in the low-band-gap material. Hence, the
Al-fraction x of the barrier layeis). The PLE spectrum of process isinterface inducedand excludes as its cause all
sample 1 is also presented in Fig. 1 with detection at 1.92 eWonlinear processes in the bulk of the alloys.
of the regular PL. This PLE spectrum shows two distinct The observation of interface-induced PL above the laser
excitonic features that originate from a splitting of the va-pump energy in type-l heterojunctions requires the presence
lence bands resulting from spontaneous long-rangef both up-converted electrons and holes that both do not
ordering in (Gay,,In;—,P)1(Ga;—,In14,P); monolayer diffuse to the GaAs. Before discussing nonlinear generation
super-lattices alonf111] and[111], where 5 is the order- processes, we first discuss the nature of the localization
ing parameter. From this valence-band splitting of 14 meVimechanism that prevents this carrier diffusion. A natural ex-
and the band-gap reduction of 77 meV as compared with thplanation for the source of this is provided by the theory of
fully random alloy, which has a band gap of 2.012 eV, aMader and Zunget? predicting the existence/absence of
value = 0.4 is calculated according to the method outlinedelectron/hole localization in alloys due to local clustering of
in Refs. 11,12. the components, i.e., short-range or@RO with SRO pa-
Although junctions of GaAs/Galnfnay have only a rametera>0. Table | shows their predictions for three alloy
small conduction band offset of 30 mgRef. 13 so that a  systems: In clustering in G#n ,_,P localizes holes while Ga
small fraction of the electrons might be able to overcome thilustering localizes electrons, etc. This table shows that clus-
barrier thermally, this is by no means the case for outering leads to both hole and electron localization only in
GaAs/Al,Ga, _,InP,junctions, which have much larger Galn;_,P alloys while in the other alloys localization exists
type-l band offsets. As such, the observation of up-for either one carrier typ@Al ,In;_,As) or for none. The last
conversion in these barrier layers is important with respect teolumn of Table | shows that this correlates with the
the generation mechanism. existence/nonexistence of up-conversion at the interface with
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TABLE 1. Predicted carrier localization vs observed up- 600
converted photoluminescen¢gPL) in alloys.

m
Predicted localization S 500 ]

Alloy Hole Electron Observed UPL g
c

Al,Ga,_,As None None NG > 400 - Eppeer 1 =1.89 €V

Gagln,_,P on In on Ga Yed P ‘B E. -1936V
S detect — ' * e

Al In,_,As onIn None Nd % A e o
= 300

See Ref. 9. 5

bSee Ref. 9 and this paper. =)

‘See Ref. 8. 200 -

these alloys. At high growth temperatures SRO disappears,
and with it the carrier localization. This too is consistent with 100
the absence of up-conversion in high-temperature grown
GalnP, sampleS. This analysis also suggests that up-

conversion can be controlled via the degree of SRO frozen 0 T T T T T T T T
into the alloy during its growth. 144 1.46 148 150 152 154 156 158 160 1.62
We now proceed with the mechanism that generates the Energy laser-2 (eV)

nonlinear process. That both up-converted electrons and
holes are required makes a two-step absorption process via a FIG. 3. Colinear double-beam experiment: the intensity of the
state at the interface highly unlikely since then only one ofUPL is monitored at 1.93 eV with one laser excitingit=1.89
the carrier types would be up-converted unless both electro@V, and another laseg, being tuned between 1.46 and 1.60 eV.
and hole trap states are present at the interface. Upkhe inset shows a schematic of the cdleeh Auger process
conversion of both carrier types is, however, an inherengt the GaAs/AlGa;_,InP, interface[ehh processes occur in a
property for the cold interface-Auger process: the excess erfimilar wayl, carrier cooling and trapping, and PL from the
ergy of a nonradiative electron-hole recombination in theAl xGay—INP2.
GaAs can be used to create either a fast Auger electron or a ) ]
hole (eeh and ehh processes, respectively T=200 K. The thermal behgwq of the generation ratef

For completeness, we investigated the possibility of anAuger electrongeeh processis given by
other two-step process, where one photon generates an
electron-hole pair in the GaAgnergykE;>1.52 e\} and the G(k)szzE h
energy of a second photon is used to transfer the electron or fi [mgEq

hole across the conduction- or valence-band offsets . . .
(AE;,), respectively. In the case of this intrinsic two-step‘"’h('}re'EB s the effective Rydbergz, is the band gap of the

photon-carrier interaction, the energy of the second photofPWeSt 9ap layerAE, is the band-gap differend@ssuming
E, would require a value of only the maximum A€, and symmetric offsets S is the surface area of the heterojunc-

AE, (~0.5 eV), and an enhancement of the UPL signal
generated by, photons would be expected if suéy pho- 1.0e+6

5 hZT
me(AEg)Zsrénhv (1)

tons were “switched on.” A two-beam experiment was per- J
formed in which the dye laser was at an enekyybetween %
the low and high band gaps, giving rise to up-conversion, £ 1.0e+5 -
and the Ti-sapphire lasdt, was scanned across the band g
gap of GaAs. The optical setup was arranged such that the2

beams were exactly colinear and excited the sample at the 2 1.0e+4
same position. The result of the experiment for sample 1 is 2
given in Fig. 3; the dashed line shows the UPL intensity with
only E; photons. It is seen that the UPL signal is not en- -= 4 ge.3 -
hanced wherE, is below the GaAs band gap. Instead, it i
increases whek, passes the GaAs band gap, ruling out the ©
aforementioned interaction. The step enhancement in Fig. 3 S 1.0642
is in perfect agreement with the generation mechanism by -
cold-Auger processes, the schematic of which is shown as an5
inset in Fig. 3.

In Fig. 4 the intensity of the UPL signal of sample 4 is
given as a function of reciprocal temperature, along with that

nten

1.0e+1 T T T T
0.00 0.02 0.04 0.06 0.08 0.10

of the regular PL signal for which the excitation source was 1/T (K'1 )
either an Ar laser line at 514 nm or one at 488 nm. The
UPL signal decreases mudbss rapidly with temperature FIG. 4. Temperature dependence of the intensities of UPL and

than the regular PL signal and it can still be observed aPL (for two different excitation wavelengths
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tion, andn, andn, are the electron and hole densities, re-with activation energies could lead to a faster decrease in the
spectively. Predominantly as a result of thermal shrinkage oUPL intensity.

the band gap, this rate increases with increadingvhich Efficient PL emission at energies up to 700 meV
may in part account for the temperature dependence of outbove the laser excitation energy was observed at type-l
data. However, in addition to the temperature dependence @aAs-Al,Ga, _,InP, interfaces. The up-conversion effect
the generation process, that of the PL emission process alggas shown to be induced by generation of electrons and
should be taken into account. The latter will reflect thermalygjes in thelow-gap semiconductor and attributed to a re-
statistics of excitons or impurity states, and also diffusion ofcently calculated cold interface-Auger process, which en-
free carriers to the surface. That surface recombination playgyjes the up-conversion of both carrier types. The tempera-
a role can be observed by the differences in the curves olyyre dependence of the signal and the results from a colinear
tained via 488 and 514 nm excitation. The 488-nm laser lightyohle-beam experiment showed agreement with this assign-
has a smaller penetration depth and free carriers will diffusgnent. Furthermore, the presence of localized states in the
to the surface more easily; the corresponding curve in Fig. 4arrier layer, induced by deviations from perfect random ar-
indeed decreases slightly faster than that involving 514 nmangements of the group-Ill atoms, was shown to be crucial

excitation. For the UPL signal, di_ffusion to the surface canj, observing the up-conversion as a radiative transition.
be neglected since these carriers are generated at the

interface, a region which, for sample 4 with its Ju%a E.D. Jones, A. Zunger, and Yong Zhang are gratefully
Al ,Ga, _,InP,cap layer, is not affected by the surface deple-acknowledged for stimulating discussions. This work was
tion field. We emphasize that the behavior displayed in Figsupported by U.S. Department of Energy Contract No. DE-
4 does not need to be present in all junctions because, f#kC36-83CH10093, and by Stichting Technische Weten-
instance, the presence of nonradiative traps at the interfacehappenSTW) Contract No. NNS44.3510.
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