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Ultraviolet anti-Stokes photoluminescence in InGa;_,N/GaN quantum-well structures
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Ultraviolet anti-Stokes photoluminescen@d) is observed in IgGa, _,N/GaN multiple quantum wells. The
observed anti-Stokes PL exhibits a quadratic dependence on the excitation energy density. Anti-Stokes PL
excitation spectrum is proportional to the optical absorption spectrum of tf@aln,N quantum wells.
Time-resolved PL measurement shows that a decay of the anti-Stokes PL is slower than that of the GaN PL
under the excitation above the band gap of the GaN barrier, and it is half the time constant gtae |N
PL decay. A two-step two-photon absorption process is directly observed by means of two-color pump-and-
probe experiment. It is considered that the anti-Stokes PL is caused by a two-step two-photon absorption
process involving a localized state in the@s _,N quantum wells as the intermediate state, and that the
second absorption step is provided by photon recycling of th@dn ,N PL.

Anti-Stokes photoluminescendPL) or up-converted PL is due to the two-step TPA process by means of a time-
is a phenomenon in which the photon energy of PL is higheresolved PL measurement and a two-color pump-and-probe
than the excitation photon energy. Generally, the energy upexperiment.
conversion in bulk semiconductors is achieved by a momen- The sample was Si-doped ,[Ba_,N/GaN MQW'’s
tum converting Auger process® thermal population of pho- grown on a(000))-orientated sapphire substrate by a metal-
non modes observed as anti-Stokes Raman fiflesr  organic chemical vapor deposition. The @®_,N/GaN
nonlinear mechanisms such as second-harmonic generatia@QW’s consisted of three periods of a 3.5-nm-thick
optical parametric oscillation, and two-photon absorptionn Ga,_,N quantum well separated by a 7-nm-thick GaN
(TPA) processe§:® The TPA processes are classified into aparrier. The indium concentration of the well was 6.2-7.4.%
coherent TPA, where the intermediate states are Virtuglgimated by the x-ray diffraction measurement. The sample
statles, and a two-step TPA, where the intermediate states 3f§sisted of a GaN buffer layer, an undoped GaN layer
real states. ; : : ;

Recently, efficient anti-Stokes PL has been observed irl%r;sz'LaTXlilr}lélzNaMgV(\jlgsngdC;ag-dodzgrg g;;kiaiérdfgoe ?1m

heterostructures and quantum  wells(@QW’s)  of ) . ) 9 3
semiconductor$ *® It has been proposed that the carrier ex-thick. The doping density was a_bogt><21_01 cm =, The
sample was directly immersed in liquid nitrogen at 77 K.

citation mechanisms in anti-Stokes PL are cold Auger pro X . o
For optical experiments, the excitation laser source was a

cess for InP/Alln;_,As type-Il heterojunction$,two-step ; . :
TPA for CdTe/CQlM);wl_xTe QW's and cold Auger pro- mode-locked Ti:sapphire lasé82 MHz, 2 ps or an optical

cess andlor two-step TPA for GaAs/(Al,Ga)lnP parametric amplificatiotOPA) with a Ti:sapphire regenera-
heterostructure&~28 In these cases, the samples consist ofiive amplifier (200 kHz, 300 fs The excitation for the anti-
stacked narrow-gap and wide-gap semiconductors. It ha3tokes PL measurements was performed by a frequency-
been argued that anti-Stokes PL is caused by a radiative réloubled Ti:sapphire laser output. Under the excitation above
combination in the wide-gap material, into which carriers arethe band gap of the GaN barrier, a frequency-doubled OPA
excited from the narrow-gap material. Hellmaenal have output was used. Time-resolved PL profiles were measured
proposed that the anti-Stokes PL in the CdTgM, _,Te by using a synchroscan streak camera connected to a 25-cm
QW's is due to the two-step TPA process involving localizedsubtractive dispersion double monochromator. The time
or impurity bound exciton state as the intermediate state. Theesolution was about 30 ps. A two-color pump-and-probe
photons for the second absorption step can be provided bgxperiment was performed in the transmission geometry. A
the photon recycling of the exciton recombination in thepart of Ti:sapphire laser pulses were used as the probe beam
QW's.? Driessenet al. have proposed that the anti-Stokesand the frequency-doubled Ti:sapphire laser pulses were
PL in GaAs/Galnk QW'’s is due to the cold Auger process used as the pump beam. The amplitude modulation of the
via interface statet: pump beam and probe beam at each frequéhcy MHz or

In this paper, we report on the observation of ultraviolet200 H2 was made by an acousto-optical modulator and a
anti-Stokes PL in IpgGa, _,N/GaN multiple qguantum wells mechanical chopper, respectively. A double lock-in detection
(MQW'’s). This anti-Stokes PL has the highest photon energyf the signal allowed us to reduce noise from the scattered
(3.49 eVj in semiconductors to our knowledge. The anti- light and to achieve highly sensitive detection of nonlinear
Stokes PL exhibits a superlinear dependence on the excit&ransmission. The time dependence of the pump-and-probe
tion energy density. We demonstrate that the anti-Stokes Pkignal was measured by scanning the optical delay line.
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FIG. 1. PL spectra of the IGa_,N/GaN MQW'’s excited D(E)=
above(a) and below(b) the band gap of the GaN barrier, respec-

tively. The inset shows the excitation energy density dependencies

1 m fx p( (E-0? O(t—Eg)dt
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_ 2
of the InGa,_«N PL (squaresand GaN anti-Stokes PL intensities _ 1 my fE exg — (t—Eo) dt 1)
(circles, respectively. The excitation photon energy is 3.305 eV. J2mo mhe) - 252 '

) Here, m, is a reduced mass of the electron-hole pair and

Figure 1 shows the PL spectra of the @& ,N/GaN 1 /7420(t—E,) is a step function, indicating two-
MQW's under the excitation above) and below(b) the  gimensional joint density of states in the,Ge,_,N/GaN
band gap of the GaN barrier. Under the excitation photorMQV\ps_ The fitted energy oE,=3.294 eV is almost con-
energy at 3.756 eV, we can observe two emission bands. Theistent with the calculated value of the lowest quantized en-
peak at 3.18 eV is due to the radiative recombination in thesrgy transition in the lgGa;_,N/GaN MQW'’s on the finite
In,Ga,_,N QW's, while the peak at 3.49 eV is due to that in potential well model. The intensity of anti-Stokes PL excited
the GaN barrier. It is a typical PL spectrum of above 3.27 eV increases drastically with the increase of the
In,Ga _N/GaN MQW'’s system. It has been reported thatexcitation photon energy like that of the ®Ba;, _,N PL. This
the low-energy PL is attributed to the recombination of ex-result shows that the anti-Stokes PL is excited through the
citons localized at certain potential minima in,Ge, 4N real states in the i6a, _,N QW’s. On the other hand, under
Iayers?7‘2° The PL intensity of the GaN barrier is smaller the excitation below 3.23 eV, the anti-Stokes PL can be ob-
than that of the IgGa,_,N QW's, indicating efficient carrier ~served although the j&& _,N PL becomes weak. The anti-
transfer from the GaN barrier into the,Ba_,N QW's.  Stokes PL excited at 3.23 eV also exhipits a quadratic de-
Under the excitation photon energy at 3.305 eV, a similaP€ndence on the excitation energy density. It seems that the
In,Ga,_,N PL spectrum is observed and an anti-Stokes pcoherent TPA process or the process related to deeper states

spectrum of the GaN barrier can be observed even under thcé‘Ch as deep acceptor states causes the anti-Stokes PL ex-
-cited below 3.23 eV.

excitation below the band gap of the GaN barrier. The exci- Consideri dratic d q th itati
tation energy density dependencies of the anti-Stokes PL and onsidering a quadratic dependence on the excitation en-

the InGa,_,N PL are shown in the inset of Fig. 1. The ergy density and the participation of the real states of the

. - . _ In,Ga,_,N QW'’s, we presume a main mechanism of the
antl—Stqke§ PL exh|.b|ts a ;uperlmear dependen«dé@ On  anti-Stokes PL to be the two-step TPA process via the local-
the excitation density, while the J&a _,N PL exhibits lin-

ized states in the it N QW’s. We explain the process

ear dependence. _ producing anti-Stokes PL as follows. After the initial excita-

The dependencies of the anti-Stokes PL an@Gl_«N  tion process, the electron-hole pairs are generated in the
PL intensities on the excitation photon energy, i.e., the Plyn Ga,_,N QW’s. They lose their energy quickly, electrons
excitation(PLE) spectra detected at the anti-Stokes GaN Plor holes are captured at certain potential minima, and local-
band(3.49 eV} and the InGa,_,N PL band(3.10 eV}, are  ized excitons are formed, as schematically shown on the left
shown in Fig. 2. Because the,lBa, _,N PLE spectrum is side of Fig. 3. Since the localized states have a very limited
almost proportional to the joint density of states in the directspatial extension, the wave function of the localized exciton
transition type semiconductors and theGma _,N absorp- has contributions from alk states in the Brillouin zone.
tion is broadened by=35 meV due to the formation of the Therefore, high-energetic electron-hole pairs can be directly
tail states’® the InGa,_,N PLE spectrum is fitted by the created by second photon absorption without phonon partici-
error function pation, as shown on the right side of Fig. 3. After the second
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In,Ga, N PL shows 72.1-ps rise and 693-ps decay. The
In,Ga N PL excited at 3.305 eV shows a single exponen-
tial decay with a decay time constant of 800 ps. The decay
time of the InGa,; _,N PL increases with the decrease of the
detected photon enerd®.4 ns at 3.3 eV, 0.9 ns at 3.1 gV
indicating a typical dynamical feature of the exciton local-
ization in InGa, _«N ternary alloy system®?°The rise can-

not be observed under the excitation below the band gap of
the GaN barrier, while the rise is clearly observed under the

excitation above the band gap of the GaN barrier. This result

indicates that the photogenerated electron-hole pairs transfer
from the GaN barrier into the JGa N QW's.

The anti-Stokes PL excited at 3.305 eV shows a single
exponential decay. Its time constant is 425 ps, which is
longer than that of GaN PL decay. This indicates that the
carrier generation process is slower than the relaxation pro-
o i ) cess in the GaN barrier—if the carrier generation is fast, such
e?<C|tat|on process, the electron-hole palrs.wnh the. eNerg¥s the coherent TPA process or the two-step TPA process
higher than the band gap of the GaN barrier relax into th§pere the second absorption step is caused by laser photons,
GaN barrier states or are localized again in thgG® xN e anti-Stokes PL should be completed within 72 ps. The
QW's, and then the electron-hole pairs recombine radiatively, iopje point is that the decay time of the anti-Stokes PL is
like the excitation above the band gap of the GaN barrierg <t half the time constant of the,Ba, N PL decay. In
This radiative recombination in the GaN barrier gives rise toy,q two-step TPA process on our model, the intensity of the
the observed anti-Stokes PL. _ _ anti-Stokes PL is proportional to the population of the local-

. Tlme—regolved PL measurement provides us with the Cal,ed states in the WGa, N QW's, N;(t), and to the num-

rier dynamics of the IfGa_N/GaN MQW's and shows o o hhotons responsible for the second absorption step. If
that the second absorption step is mainly induced by photof}, second absorption step is caused by the photons of the
r_ecypling, i.e., the photons s.tem from radiative recombinamxeal_XN PL, the number of photons is directly propor-
tion in the IWG_ai*XN QW’s. Flgur.es .4a) and 4b) show the iqn41't0 N4(t): the intensity of the anti-Stokes PL is propor-
PL decay profiles under the excitation above and pe_low NGonal to N, (t)2. This can explain notable characteristics of
band gap of the GaN barrier. Solid lines show the fittings Ofthe decay time of the anti-Stokes PL.

single or double exponential functions convoluted by the ex- 5, this stage, it is difficult to distinguish between two-step

citation laser profile. The decay profiles of theGa, N TPA processes provided by photon recycling and Auger pro-
PL (squarepare detected at 3.18 eV, while the decay profiles P P yp yeing gerp

FIG. 3. Schematic illustration of a two-step TPA process for
anti-Stokes PL.
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ergy and the excitation energy density of the pump beam are 3.311
eV and 0.244uJ/cnt, respectively, while those of the probe beam
are 1.656 eV and 0.04RJ/cnt, respectively. The inset shows anti-
Stokes PL spectra excited at 3.311 eV w(#olid line) or without

excited abovda) and below(b) the band gap of the GaN barrier. (dashed ling an additional pumping at 1.656 eV. The excitation
These decay profiles are fitted by single or double exponential funodensities are 0.14@J/cn? for the first pumping and 0.244J/cn?
tions convoluted by the excitation laser profile.

for the additional pumping, respectively.
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cess: the energy transfer due to radiative or nonradiative reQW'’s. In each equation, the first term means the main relax-
combination in the IgGa N QW’s. We further performed ation term including the radiative recombination. The second
a two-color pump-and-probe experiment to discuss the sederm means the relaxation from the GaN barrier to the
ond absorption process. In this experiment, the localized exn,Ga,_,N QW'’s. The third and fourth terms mean the pho-
citons are generated in the,Ba, N QW's by the pump  ton absorption by the [Ga _,N PL (N;/7;) and the laser
beam (photon energy below the GaN band gapnd the  excitation (.,), respectively. These equations can explain
second photons are supplied by the probe b&atmton en- oy experimental results well. The absorption efficiency by
ergy below the InGa, N band gap Figure 5 shows atem- e |nGa, N PL photons @N,) is guessed by the ratio of
poral change of the differential transmission. The signal iny;,q time-integrated iGa,_ N PL to that of anti-Stokes PL.
dicates an induced absorption and its decay time is 802 PSve estimate the coefficie)r(at to be 4% 10-15 crr?. The ab-

which is comparable to that of the,/@a, _,N PL. The signal sorption efficiency by the laser photongN,) is directly

is proportional to the intensity of the pump beam. This is the casured by the two-color pump-and-probe experiment. We
[ [ f th - TPA . Thi : e Rl '
direct observation of the two-step process is decaggnmate the coefficien to be 1.7K 10-27 . The coef-

profile also assures that the intermediate states are the locgl~, . : .
ized states in the LGa_ N QW's. The inset of Fig. 5 ficient « is 107 times larger thamB. The main reason for the
X . .

shows the anti-Stokes PL spectra excited at 3.311 eV with Ogiscrepancy is ascribed to the d?fferent geometric factor. The

without an additional pumping at 1.656 eV. It is clearly seenintermediate states are present in theg&ia N QW's at the

that the anti-Stokes PL intensity increases by the additiona?POt size of the laser excitation. The PL photons emit in all

pumping, indicating the anti-Stokes PL can be caused byhe directions. If the condition of total reflection is satisfied,

photon absorption. the emission goes back and forth in the lateral direction of
Fina”y, we discuss the efﬁciency of the photon absorp_the Sample. The critical angle for the interface with the GaN

tion. The dynamics of the anti-Stokes PL process is debuffer and the sapphire substrates is about 41°. Considering

scribed by the rate equations the width of the sampléa few xm) and the spot sizéa few
hundredum), the difference betweesm and B is reasonably
dN, N, N, 2 understood.
T ™ T T_l+/3N1|ex(t)’ 2) In summary, we presented detailed experimental studies
of ultraviolet anti-Stokes PL in Ga _,N/GaN MQW's.
dN; N, N, aN? We directly observed second step photon absorption for anti-
T T_1 + T_D - 7_—1 — BNyl (1), (3 Stokes PL by means of a two-color pump-and-probe experi-

ment. We conclude that this anti-Stokes PL is mainly caused
whereN,(t) is the population in the GaN barrier; ,)isthe by a two-step TPA process via localized states of the
carrier lifetime in the IgGa,_,N (GaN) layer, andrp is the  In,Ga_,N QW'’s and that the second absorption step can be
relaxation time from the GaN barrier to the,®g _,N provided by photon recycling of the J&a _,N PL.
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