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Field-dependent carrier decay dynamics in strained IRGa; _,N/GaN quantum wells
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We have studied the effects of an external electric field on photoluminescence spectra and carrier lifetimes
in strained InGa, _,N/GaN quantum wells embedded pri-n light-emitting diode(LED) structures. Two
sample structures with=0.15 for blue LED’s and 0.2 for green LED’s have been investigated, with increasing
reverse bias up te-30 V. From spectrum-resolved photoluminescence, we observed region of blueshift and
redshift in photoluminescence peak energies. From the energy shift, the strength of piezoelectric field was
estimated to be 2:20.2 MV/cm. Within our bias range, we observed three orders and one order of magnitude
changes in carrier lifetime, for blue and green LED’s, respectively. These time-domain results are explained by
escape tunneling and thermionic emission, together with carrier recombination which depends on the electron-
hole wave function overlap change.
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[. INTRODUCTION 15-20%. The increase of photoluminescefieg) lifetime
with continuous increase of well width from 2 to 5.5 nm was
The application of an external electric field perpendicularexplained by PEF-induced electron-hole separatidn. the
to the layers of quantum well®QW'’s) significantly changes recombination lifetime, carrier localization in InGaN quan-
absorption™3 and photoluminescenée® Absorption coeffi-  tum well has been introduced to explain the lifetime depen-
cient and transition energy variations are explained by quandence on detection photon energy, particularly in structures
tum confined Stark effe¢QCSB by using either variational with relatively large indium compositichin a sample with
calculation$® or Green’s function approachFrom time-  small indium compositions~2%), it wasfound that exci-
domain studies, carrier lifetime enhancement was observetdns are localized at low temperature but delocalized above
in the low-field regime, and was attributed to the decreased-70 K.?8Although there are numerous experimental reports
electron-hole wave function overl45. For much higher on various optical properties in GaN-based heterostructures,
electric fields, tunneling plays a dominant role on decayexclusive evidence for the influence of applied field on car-
rates. In GaAs-based QW systems, various tunneling mechaier decay mechanisms such as tunneling, thermionic emis-
nisms, e.g., escape tunneling through tilted bafrf@reso-  sion, and electron-hole recombination is yet to come. Re-
nant tunnelind!*? and phonon-assisted tunnelfg'®were  cently, we reported an unambiguous determination of
extensively studied. In addition, thermionic emission for car-piezoelectric field and tunneling times in blue light-emitting
rier transport in QW’s was discussed both in the context ofdiode (LED) structures?
cw transport and photocurréft'®and by the time-resolved  In this paper we investigate the effects of the applied field
measurements. and the PEF on PL transition energies and carrier lifetimes.
In the material viewpoint, the potential of group Il nitride We analyze physical processes that affect the carrier decay
semiconductors such as GaN and InGaN as optoelectroniate in quantum wells subject to a perpendicular electric
devices in the blue and ultraviolet spectral range and highfield, based on simple models. We present results on blue and
temperature electronic devices has inspired a tremendous igreen InGaN/GaN LED structures which allowed us to better
terest in recent research. It is known that huge piezoelectriunderstand the carrier decay mechanisms of thermionic
field (PEP exists in GaN-based heterostructures with wurtz-emission, recombination, and tunneling, which are dependent
ite structure, which has been studied both theoretically andn the barrier height, applied field, and other material param-
experimentally819-2Since the direction of the PEF is op- eters. We estimate the piezoelectric field strength by applying
posite to the growth directioh®2°~?2electron and hole wave large electric field and observing the plateau region in the
functions are separated in a QW even in the absence of glot of the PL peak energy vs increasing reverse bias. To
external electric field. When the sample is under an increasexactly determine the applied field in the QW'’s and barriers,
ing reverse bias, which compensates the PEF, the spatiale also performed capacitance-voltagzV) measurements
separation of the electron-hole wave functions gradually deand estimated depletion layer width which is a main voltage
creases, which is accompanied by the blueshift of the transdrop region in our sample structures. We have obtained the
tion energy. In contrast to the typical case of the QCSE ircarrier lifetime in time-resolved PL and pump-proteP
GaAs-based materials where a redshift is observed with inmeasurements, where the external bias was applied in the
creasing reverse big$;*®the blueshift in InGaN/GaN QW’s form of cw or square-function pulse. The PL intensity was
as a function of increasing reverse voltafiand the excita- found to decrease, and is explained by the leakage of photo-
tion powef®?’ testified to the existence of the PEF. The pre-generated carriers. We analyze the spectral and temporal
vious studies, however, have shown large discrepancy of thehanges based on the variational calculations and the semi-
PEF strength, scattered from 2.45 MV/hio less than 1  classical tunneling and thermionic emission model.
MV/cm?2 even with similar indium composition of around In Sec. Il we describe the details of device structures and
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DT e (a) Blue LED of transmission electron microscopy to be 816) nm for
: = B =42V blue (green LED structures. The Si concentration fmGaN
was about X 10' cm™ 3, according to SIMSsecondary ion
mass spectroscopyneasurements. The Mg concentrations
for p-GaN and p-AlGaN were about &10Y° and 5
X 10* cm3, respectively, whereas the hole concentrations
of p-GaN and p-AlGaN were estimated to be about 2
X 10t and 1x 10 cm™3, respectively, by Hall measure-
ments. Only small fraction of the Mg acceptors were acti-
vated due to relatively large acceptor binding energy of about
160—-290 meV’~*° Transparent electrodes were fabricated
on top of thep-doped layer with an optical window of
330 umx330 wm. In these structures, the direction of the
built-in electric field and reverse applied field are both oppo-
site to that of the PEF.

Time-resolved(TR) and cw PL measurements were car-
ried out varying an external bias from2 to —22 V for
blue LED’s and+2 to —30 V for green LED's, respec-
tively, until the breakdown voltages were reached. A streak
camera with 10 ps time resolution was used for TR-PL mea-
surements. To get a better time resolution, femtosecond PP
reflectance measurement was carried out over the range from
—16 to —30V in blue LED’s, where the pulse duration
(~250 fs) corresponds to the time resolution. Above the
static breakdown voltage in blue LED’s-(—23 V), an ex-
ternal field was applied in the form of a square-function
pulse which was synchronized with the PP detection scheme.
The excitation source was a frequency-doubled Ti:sapphire

FIG. 1. Room-temperature PL spectra as a function of an exteri@Ser, Whose energy was fixed at 8315 eV for PL in blue
nal voltage in(a) blue and(b) green LED structures. The inset (9réen LED's and 3.1 eV for PP measurements. The

shows the sample structure, while the AIGaN layer is absent irﬁXCitation'DOW?r density is estimatgd to 'be about
green LED’s. 4 kWi/cn?, which corresponds to a carrier density of about

the order of 188 cm™3. The background carrier concentra-
experiments. The spectral domain results are compared witfion of InGaN is about 1¥ cm™2, and thus the screening of
simple theoretical model to determine the PEF strength anthe electric field in the InGaN layer due to the background
its relation with QCSE in Sec. IlI. In Sec. IV we discuss the carriers is neglectetabove 16° cm™3, the screening effect
time-domain results for carrier lifetime measurements andecomes importaptAll optical experiments as well &5-V
the underlying physical processes. Our conclusions are givemeasurements were done at room temperature.
in Sec. V.
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15um  GaN
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PL Intensity

22 24 2.6
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IIl. PIEZOELECTRIC FIELD AND QCSE

Il. SAMPLE STRUCTURE AND EXPERIMENTAL . . .
DETAILS Figure 1 shows the effect of the applied field on the

cw-PL spectra ofa) blue and(b) green LED's. The field in

The sample structures are shown schematically in the inthe well was varied by changing the applied voltagefrom
set of Fig. 1. Blue(indium composition~15%) and green +2 Vto —22 (—26) V for blue(green LED’s. The oscil-
LED (indium composition~20%) structures were grown on lations in the spectra of Fig. 1 are modes of the FabmpPe
ac-plane sapphire substrates by metalorganic chemical vapeavity’*° whose periodicity is given bynk =2nl, wherem
deposition, where InGaN QW's form the main active region.=mode number\ = wavelength,n=index of refraction,
The following layers were sequentially grown on an undopecand| = distance from air-GaN interface to the GaN-sapphire
1.5 um thick GaN layer: 4 um thick n-GaN, five-period interface (~5.8 um in our samples The relatively large PL
In,Ga, _N/GaN (2.2/10 nm for blue LED’s, 3.5/24 nm for width, typical for large In concentrations, is possibly associ-
green LED'9, and finally p-Aly ;Gay N/p-GaN (30 nm/0.2  ated with In composition fluctuatidh®? and the spatial
wum for blue LED'9 or p-GaN (0.2 um for green LED’$.  variation of the strain in InGaN layefs The low-energy tail
The In mole fractionx was estimated by x-ray diffraction below 2.4 eV in Fig. 1a) is associated with the well-known
which also indicates that the J@a, _,N layers are pseudo- yellow luminescencé?
morpically strained to the underlyingGaN layers*>~°Note The most apparent feature in Fig. 1 is the shift of the PL
that we have varied the well and barrier widths simulta-peak energy with increasing reverse bias. A clear blue shift
neously with the barrier height. The thicknesses of the unfollowed by a redshift is observed in Fig(dl (see the dotted
doped region were estimated from the cross-sectional imaga&row). On the other hand, the PL peak in a green LED is
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blueshifted up to—26 V. The blueshift indicates the com- 1204 (a)
pensation of the PEF by the applied field, leading to the e | °
decrease of the total electric field in the well layers. The 2i0d =
redshift, seen in the blue LED, reveals that the net electric § . = Blue LED
field in InGaN is inverted. These effects of energy variations ~ § 80 Green LED
have been explained in terms of the Stark shift of a strongly 'g I
confined hydrogenic systefmAs shown in Fig. 1, the PL a 604 .
intensity decreases as the reverse voltage was increased, but © 40_' [inaases JOSPOURIUUINI
the PL of the blue LED decreases at a much faster rate. The L L L
faster PL intensity decrease in the blue LED’s was accompa- 0 [ (b)
nied with more dramatic lifetime change, which will be de- E 120 | | _ _Green LED
scribed in the next section. £

The PL linewidth was between 13847 meV and 145 '.E so L
(1800 meV in blue(green LED's all over the bias range, c Blue LED
which was significantly smaller than the difference between 2 Blue LED - - = Green LED
the lowest and the second lowest bound state that was esti- 45 “or
mated to be 430520 meV in blue(green LED’s. Hence, a
we believe that the PL emission originates mainly from the ok (') _1'0 — _2'0

lowest transition. In our QW samples, the exciton binding
energy in the absence of any electric field is expected to be
more than 40 me¥*! However, with the PEF, the exciton

Voltage

FIG. 2. (a) Capacitance-voltage characteristics at room tempera-

binding energy will be somewhat reduced to be about or lesg,re and(b) depletion widths deduced from the measured capaci-

l . . . .
than 30 meVi* The exciton binding energy, therefore, is tance. The horizontal arrows indicate the intrinsic region thick-
much smaller compared to the separation between thgesses.

guantum-confined subbands and also the inhomogeneous
linewidth broadening in these systems. In contrast to theletermine the electric field whose accuracy is important to
clear exciton peaks observed in bulk GaN, experimental eviget the appropriate value of the lowest confined level energy
dences and theoretical agreements of exciton bands and theind the corresponding wave function, we need to estimate
variation under the electric field are lacking in InGaN bulk Vy; andL4. The values oW,; andL, can be evaluated from
and QW's. In this paper, the variation of Coulomb attractionPoisson equation only if the donor and acceptor concentra-
with respect to the external field is neglected, and the excitotions are known. Based on the carrier concentrations and the
binding energy is assumed to be constant at 30 meV in oyparticular effective mass values, we estimated the built-in
calculations. potential to be 3.4 V. However in GaN, the acceptor concen-
In order to analyze the PL peak energy under the assumprations are difficult to be exactly determined, since the hole
tion of no variation in Coulomb interaction between elec-concentrations estimated from Hall measurements can be
trons and holes, we solved the Safirger equations for the  significantly smaller than the acceptor concentrations due to
motion perpendicular to the layerg direction by using the relatively large acceptor binding energy. For this reason,
variational calculations. Neglecting the screening effect boththe depletion width was obtained from capacitance-voltage
by the background carriers and by photoexcited carriers, théC-V) measurements.
net electric field within the wellgbarriers E,, (E,) was Figure 2 shows the results of ti@V measurements and
formulated by the corresponding depletion width deduced from fitting.
Over the bias range from 0 te 20 V under the modulation

Vpi—FpNwlw—Va frequency of 1 MHz, we obtained the data denoted by solid

Ew= Ny Ly+NpLp+ |_d/2+ Fp. (1) squares for a blue LED and solid circles for a green LED in
Fig. 2(@). The bias region with weak oscillatory behavior
Vpi—FpNyLy—Va with steep change of capacitance is not clearly understood
Eb_NwLw+NbLb+Ld/2’ (2 but possibly related with charge trapping associated with

point defects. It is known that the capacitance associated
with the trapping centers depend on the modulation fre-
electric field, and the applied voltage, respectivély(L,), quency and can be neglected at an infinite frequency
N,, (Np), andL 4 represent the welbarriep width, the num-  limit. **~**Ignoring the frequency-dependent terms which are
ber of wells(barriers, and the depletion width, respectively. not related with the depletion width estimation, we fitted the
To be self-consistent with the Poisson equation, the electridata of Fig. 2a) over the region denoted by the solid lines.
field in the depletion region was assumed to be linearly varyConsidering the series combination of the capacitances in the
ing from zero to a maximum vald€,which resulted in_y/2  intrinsic and doped regions, the capacitazean be well
instead ofL4 in Egs.(1) and(2). In Eq.(2) the PEF in GaN fitted with the formula

barriers was neglected, but the potential drop all across the
sample is conditioned to be the same as the built-in potential
if there is no externally applied electric field. In order to

whereVy,;, F,, andV, are the built-in potential, the piezo-

1+1+1—1
c'a'e

_ Aeg
"~ NyLy+NpLp+Lg’

C= (3
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FIG. 3. PL peak energy of the QW's as a function of an external Time Delay (ps)
voltage for(a) blue and(b) green LED structures. The scattered
curves are experimental data and the curves are from calculations F|G. 4. Spectrally integrated PL traces with increasing reverse
with various piezoelectric field values. The inset shows the PL pealkjas in(a) blue and(b) green LED structures.

energy with different band offset ratios, setting the piezoelectric
field at 2.1 Mv/em. fully effective compared to the blue LED’s. We cannot ex-

whereC,, (C,) and C; are the capacitance in thedoped plain the main origin f(_)r this at the present time, but the
(n-doped region and intrinsic region, respectively, with the SCr€€ning of the electric field by free and photogenerated
sample area and the static dielectric constaey. Depletion carriers?® Stokes shift4® and the influence of compositional

layer widthL , was simplified ag 4= a\Vp,— V,, wherea is fluctuations, whose effects are possibly larger in the green

a fitting parameter. The depletion width thus deduced ar&ED’s with Ia_rger_well widths and ino_lium compositions to
shown in Fig. 2b) for the blue(solid line) and the green reduce the field-induced energy shift. Further studies on

; : : T . those topics are necessary. Accurate determination of the
LED’s (dotted ling. The horizontal arrow indicates the in- S . i .
trinsic region thickness. PEF strength is difficult in the green LED’s due to the dis-

Following the procedures discussed above, we can conf:'epancy between experjments and calclulat.ions and due to
pare the PL peak energy tradasattered curvéswith calcu- the absence of the redshift or plateau region in the plot of PL

) . I ltage, namely, the fact that the PEF is was not
lations (line curves, as shown in Fig. 3. Here, we used the energy vs vo ' e
variational methodlto get the solutions of Schdinger equa- fully compensated by the applied field. The bull@a, _ N

: ; energy was assumed to be 2.647 & the blue LED’3 and
tions as we change the value Bf. The PL peak energies 2.488 eV (for the green LED' by including the gap

were obtained from Gaussian-fitting after removing the inter- o647 . '
ference fringes. In blue LED data, as can be seen in Fay, 3 fluctuatior’™"" and other material parameters were obtained
the most plausible PEF value was2.1 MV/cm. The inset from Ref. 25.
in Fig. 3(@) shows energy dependence on the band offset
ratio between the conduction and valence band, Wth IV. CARRIER DECAY MECHANISMS
fixed at—2.1 MV/cm. As we can see in the inset figure, the
band offset ratio was not a critical factor and 6:4, 4:1, and
even 3:7 result in similar traces as long as the QW bound Results of the time-resolved PL measurements for(éhe
states exist. In the calculations of Fig. 3, for a convenienceblue and(b) green LED’s are shown in Fig. 4. The spectra in
sake, 6:4 ratio was used. Fig. 4 were spectrally integrated except for the scattered laser
In contrast to the results of the blue LED's, the calculatednoise, which was rejected by a grating and slit pair. The
curves for the green LED’HEFig. 3(b)] exhibit disagreement decrease of carrier lifetime with increasing reverse biase is
and show larger energy change than the experimental dateeadily observed and it is more drastic in the blue LED’s
The smaller energy change in the experimental data possibgven with narrower bias range. These spectrally integrated
indicates that the electric field in the green LED’s was not(Sl)-PL traces show biexponential line shapéb: in small

A. Experimental results
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FIG. 5. Time-resolved PL traces at 0 V, with spectral detection
window of 40 meV, where the detection center energies are denoted
in the figure. The bottom trace is for the low-energy tail associatec%ro
with the yellow luminescence.

FIG. 6. Differential reflectance spectra with an external voltage
m —16 to —30 V. The external field was static fag) and
pulsed for(b). The schematic of the applied field and delay dis-
placement is shown in the inset.

external bias region, the main decay component of the order,
of ns was mixed with a fast decay component comparable t
the time-resolution of the streak came(?) in larger exter-

hange, the first two traces show somewhat faster rise time
an others. The detection energy dependence of decay time
. - A is possibly due to the screening of the localized
n?}' blasd say-20 Vin Fig. 4(da), sIo;ver defca;]y cfg)n?é)?nlelznts otentia??®®! and the piezoelectric potential. Immediately
whose decay times were independent of the field followed,qq, 1he excitation whose peak power density can reach up

the main signa}l. Except for these minor and bias-independent) ohqut 200 MW/cr, the photocarrier density in QW's can
components, lifetime was decreased from 2.5489 to the  pe gyfficient to screen the PEFWith evolving time the

resolution limit of 10 ps(280 ps in the blue(green LED's  gcreening of the field decreases due to the loss of excess
over the bias range shown in the figure. The three order ofarriers by various decay processes and the carriers are fi-
magnitude lifetime change in the blue LED’s and one ordemally in the lowest energy staté The bottom trace in Fig. 5

of change in the green LED's are consistent with the deseems to have different origin with others and corresponds to
crease of PL intensity in Fig. 1. the yellow luminescence.

The biexponential behavior mentioned in the previous In the blue LED samples, the decay trace ovet6 V
paragraph has been often observed in INGRKEfs. 48—5D  was limited by the instrumental resolution of the streak cam-
and can be understood as a results of spectral integraticgra. To overcome this limit in time domain, we performed
over various components whose decay times are noticeabljifferential reflectance measurements as a function of probe
different from each other in these sample struct@rés? delay. Figure 6 shows the differential reflectance data for the
The fast initial component for small bias is owing to the blue LED samples, where the external voltage was varied
spectral integration of our signal and corresponds to rapifrom —16 to —30 V. The external voltage was static for
decay of higher PL energy components as revealed by oWfig. 6(a), but was in the form of square function pulse for
spectrum- and time-resolved PL as shown in Fig. 5 for theFig. 6(b) to avoid the device breakdown. The experimental
blue LED. The same is true for the slower component ascheme is shown in the inset of Fig(bp for the pulsed
large bias: these are from the low energy tails of(P&llow  external bias which was synchronized with the fast scanning
luminescence In Fig. 5, the SR-PL was measured by adelay stage. The fast scanning delay stage with 30 Hz rep-
streak-camera together with a spectrometer, where the deteetition rate generated total time delay of about 30 ps between
tion spectral window was fixed at 40 meV with the centerthe pump and probe pulse and 5 ps during the presence of the
energy given in the figure. In addition to the decay timevoltage pulse.
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The logarithmic plot of the differential reflectance spectra To compare the experimental results with theoretical
clearly demonstrates that the differential reflectance decaysurves, we consider first the simple theoretical model for
faster with increasing reverse bias froml1l6 to —30 V.  carrier recombination time. In the one-particle picture
Note that the probe delay range in Figbpis 10 times
shorter than Fig. &). In general, the photo-carriers excited o
by an ultrashort pulse will undergo several scattering and TR™

0 2 (5)
relaxation processes before they again reach a thermal equi- f dzepe(ze) pn(zn)
librium. Carrier-carrier scattering is primarily responsible for -
redistributing the energy within the carriditypically within where ¢:(z,) is the wave function with = e (electron or h
hundreds of femtoseconideading to thermalized distribu- (hole), ﬁ'rfd'T)o is the lifetime under flat-band conditiofi At

tion of carriers, at a temperature higher than thg lattice M om temperature the recombination is affected by nonradi-
perature. These hot carriers cool down to a lattice temper

. i . . %tive decay channels such as trappfrand thermal spread
ture through various carner-phonon mteract@ﬁﬁven. ' 4ue to the Boltzmann distribution of carriers in the baffds.
this stage, however, there exist excess carriers which wil

disappear either by radiative recombination or by other dekurthermore, the carrier lifetime in the flat bang is not

) . own in these strained structures. To focus on the field-
cay dynf'amlcs. Re_gardlng thg ext_ernal vaitage dependence g pendent effect of recombination, we analyze the recombi-
the carrier dynamics shown in Fig. 6, we only focus on car- '

rier decay dynamics in this final stage since the initial carriernation based on Ed5), settingr as a fitting parameter.
y dy 9 The thermionic emission and tunneling are sweep-out

dynamics typically occur on a much shorter time stdand mechanisms which generate the photocurféft® The

because it is probably d|ff|_cu|t_ to exp_laln the obs_erved Vplt'thermionic emission lifetime in QW's, derived under the
age dependence. As we will discuss in the following section

escape tunneling rate is expected to be the most importa oltzmann-like carrier statistics and under the assumption
P 9 P : b at the density of states close to the top of barrier is essen-
factor for the carrier decay dynamics under the huge externq

bias, and thus both the PP and PL lifetimes will be mainly lally three dimensional, has the following expression:
determined by the escape tunneling rate for the high voltage - y—
2’7Tmin F{HI(Va)

range. For this reason, the PP data are given insteddrof
together with the PL data only under the large reverse volt- kgT
age, where PL data cannot give an accurate value due to I\tﬁhereHi(Va) is the bias-dependent effective barrier height

relatively poor time resolution. We note here that the deca%ver which the carriers must be emitted. Hengis the ef-

time of the differential reflectance was found to decreasqective mass in the quantum wel is the temperature. The
with increasing excitation energy, i.e., for an excitation en- d ! P '

. .emission rate against the field is ignored and the barrier
ergy of 3.3 eV the decay time was shorter than that shown g S _ N
Fig. 6. The explanation will be given in Sec. IV C, when we height is simplified byH;(Va) = A, — &; +|€E,|Lw/2, where

discuss photocurrent and photoluminescence. We show th%i is the band discontinuity between the well and barrier

PP data at 3.1 eV in Fig. 6 since it was difficult to obtain the.mate“al' As the reverse bias cancels out the PEF.sthe

differential reflectance signal with an excitation energy of 2 gncreases .Whnew Qecreases to I'ower thei(v?)’ gnd thl,JS
eV near the PL peak energy. In the figure, the oscillations o?he emission rate increases until the potential in QWS be-
about 10 ps in Fig. @& and 1.5 ps period in Fig.(B), which come flat. Due to the strong dependencerpi on barrier
were not influenced by the external field change, originatd'€/9ht: holes can be emitted faster than electrons when we

from the propagating mod&and zone-folded mode of co- YS€ the values between 8(Ref. 34 and 4:1(Ref. 57 as a
herent acoustic phonons in these structdfes. ratio of conduction and valence band discontinuities, even

though the effective mass is larger for holes. Lower indium
composition also leads to the faster emission rates by reduc-
ing A;. In our calculations, the presence of the, &g N

The carrier lifetime keeps decreasing as the PEF is conmlayer in blue LED’s was neglected to avoid the further com-
pensated by the reverse bias field. This decreasing carrig@texity of Eq.(6) but it can somewhat suppress the transport
lifetime with bias voltage can be induced by an enhancedf holes under the reverse external voltage, especially for the
recombination due to the increased electron-hole wave fundopmost one among the five QW's. Hence, the thermionic
tion overlap and carrier sweep-out such as tunneling anémission which is dominated by the holes are possibly over-
thermionic emission, where each process competes with thestimated in our blue LED's.
others, while the bias dependence of each mechanism is Tunneling rate is also a function of the field-dependent
qualitatively the same in strained InGaN QW'’s. The carrierbarrier height but the effective mass is another important
lifetime 7 in a quantum well in an electric field is thus given parameter. The tunneling time in the Wentzel-Kramers-
by the recombination timers, thermionic emission time Brillouin (WKB) approximatiof%*®is given by the product
71, and tunneling timery : of the barrier collision frequency and the tunneling probabil-

ity

, ©6)

TTE™ LW kBT (S)4

B. Comparison with simple models

1/7': 1/TR+ 1/TTE+ 1/TT, (4)

where the three mechanisms are assumed to be independent TT:h_TreX fwz \/ﬂ[Hi(Va)—eEbz]dz )
of each other. &i 0 h?
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FIG. 8. Carrier lifetime as a function of an external voltage for

FIG. 7. Schematic of conduction band alignment with the exter-(@) blue and(b) green LED structures. The scattered data are ex-
nal voltages ofa) 2V, (b) —1 V, and(c) —3 V. WandH.arethe perimental and the curves are from calculations. The open stars in
effective tunneling barrier width and barrier height, respectively. As(a) are obtained from the pump-probe reflectivity measurements.
seen in Fig(c), only single barrier tunneling occurs for an external The carrier lifetimer was obtained taking into account recombina-
voltage less thar-3 V. tion time 7, tunneling timer;, and thermionic emission time

TTE -

where the integration is carried over the effective barrier
thicknessW in case of single barrier transmissiad;(V,)  hegligibly slower than other decay mechanisms in both
—eE,z is the barrier height as the carriers go through thesample structures. In addition, E@b) is always satisfied for
GaN region. Electrons have much faster tunneling rate thafhe condition of single barrier transmission in our structures.
holes due to their five times lighter effective m@sand only ~ Thus, in our calculation, tunneling can practically contribute
the electron tunneling was included in our calculations,to the total carrier lifetime only for the case of Figcywith
where the effective electon mass, has a value of 0/,  single barrier andV smaller tharL,.

both in the well and barriér Over the bias range used here, resonant tunniéltig
The effective barrier thicknes#/ is a function of the ex- does not play an important role since the lowest energy lev-
ternal bias and determined by els in adjacent wells are not aligned to be the same. The
interwell energy alignment for resonant tunneling is expected
Hi(Va) with voltage larger than-2 V, but the relatively large bar-
W=L, for eE, =Ly, (83 rier width makes it difficult to observe an evidence of reso-
nant tunneling. Tunneling assisted by thermal phonon emis-
Hi(Vy) sion which has been observed in GaAs @Ref. 13 and
= eg for W<L,. (8D InGaAs QW (Ref. 14 could be also neglected due to the

large barrier widths in our samples. In addition, the photoge-
Figure 7 shows the potential shaf@elid line9, the confined nerated carriers which are emitted out of the quantum wells
energy in the welle, (dotted ling, and the corresponding to the continuum of states above the potential barriers can be
barrier thickenes$V (thick arrow for the indicated external recaptured by one of the wells after traveling a mean free
voltage in the blue LED samples. In Figay the value oW path>® Further experimental and theoretical investigations of
is equal to the actual barrier width, otherwise, we determinghose resonant tunneling, phonon-assisted tunneling, and re-
W from Eq.(8b). The samples have five QW's, in contrast to capturing process would lead to better understanding of the
the simplification of single barrier used in EJ), where the  fundamental aspects of these structures. The tunneling time
multiple barrier transmission could occur over the rangebecomes faster as the barrier thicknésis decreased by the
from +2 to —2 V (note the dotted arrows in Fig).7The  applied voltageV,. In the blue LED sampled)V starts with
tunneling in this range of multiple barrier transmission was10 nm(at +2 V) and reach 1.7 nnfat —30 V).
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FIG. 9. Carrier lifetime as a function of an external voltage for E Q
(a) blue and(b) green LED structures. The scattered data are ex- ; -
perimental and the curves are from calculations. The open stars in ‘é
(a) are obtained from the pump-probe reflectivity measurements. ~
The carrier lifetimer was obtained taking into account recombina-
tion time 7z, tunneling timer;, and thermionic emission time¢.

Figure 8 summarizes the calculated valuesrgf(ashy

SOlid_Curves'_ 7r (dashed 7re (dotted, and 7 (solid) as a FIG. 10. Carrier lifetime as a function of an external voltage for
function of field strength. The scattered data are from Ple,) piye and(b) green LED structures. The scattered data are ex-
experiments except for the PP data denoted by hollow stargerimental and the curves are from calculations. The open stars in

By adding up the three contributions described above, Wey) are obtained from the pump-probe reflectivity measurements.
can achieve agreements between experimental and calculategle carrier lifetimer was obtained taking into account recombina-

values ofr. The carrier lifetimer is mainly determined by tion time g, tunneling timer;, and thermionic emission time:¢ .

the smallest value amontk, 71, and rr¢ in EqQ. (4). The

measured lifetime rapldly decreases with inCl’eaSing reverS@W'S becaus&l) we are neg|ecting the Compositiona] and
bias after a certain onset VOltage is reached and, then t%ten“a] f|uctuati0ﬂ)v61 and Corresponding carrier
decreasing trend becomes somewhat slower near the |af9¢§&a|ization58,'57'62 (2) we assumed that the electric field in
reverse bias. The comparison of the data for the two struche wells and barriers are spatially constant, an oversimplifi-
tures with different barrier height and thickness demonstrategation in certain cases, artd) we neglected the defects and
that the onset voltage of carrier sweep-out shifts to a largefmpurities at the well interfaces which can act as carrier trap-
external voltage for the green LED's. In the blue LED’s the ping centers.

change of carrier decay time by three orders of magnitude iS The relatively large discrepancy between experiments and
mostly due to the escape tunneling. On the other handsa|culations in the PP measurement range is not yet clearly
sweep-out processes were less important for determining  ynderstood. The discrepancy is possibly associated with the
the green LED’s, which is expected due to the larger barriepyersimplification in the potential profile and the errors in
height and barrier width, hence was influenced by fora  material parameters, including the depletion width, which
broader bias range. The well widths which were smaller thamvas obtained from f|tt|ng over 0n|y small bias range. In ad-
(for the blue LED’$ or comparable tdfor the green LEDS  dition, intraband redistribution process of carriers may influ-
bulk exciton Bohr radius { 3.4 nm) keep therg within @ ence the PP signal, and thus the PP decay time is not propor-

limited change due to the slight wave function overlaptional to the total carrier concentration near zero-time delay.
change. When we compare the sweep-out mechanisms of

and 7rg, we find that thermionic emission is effective for
relatively small reverse bias region.

In calculating 7+ and g the band offset ratio was a In Fig. 10, electron and hole wave functions are plottted
major parameter, as shown in Fig. 9. Figure 9 showsrthe for +2, —10, and—20 V, as well as the conduction band
for several band offset ratios in blue LED’s, where 4:1potential. At+2 V, the electron and hole wave functions
ratio gives the best fit. The band offset ratio of 4:1 hasare pushed away to the opposite sides. The wave fuction
been used for the calculations in Fig. 8. However, the quanseparation effect is less pronounced-at0 V, and finally
titative agreement which is realized in Fig. 8 and Fig. 9exchange the position with a penetration of the electon wave
does not necessarily imply that we determined an accuratiction tail through the barrier at-20 V. The hole wave
value of the band offset ratio in the strained InGaNfuction shift is more pronounced than the electron shift be-

C. Photocurrent and photoluminescence
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T amount of leakage photocurrent; the smaller current increase
R O‘OeQ (a) for 3.12 eV in Fig. 11b) corresponds to the slower decrease
F Q-0-0-0 of the PL intensity in(a).
- .\ \Q\ON The photocurrent in the low-field region where tunneling
u S is less effective can be attributed to the thermionic
AN emissioR%%! and possibly some background nonradiative
.\ transitions via defects and impurities. In the region of higher
fields, tunneling out of the quantum wells dominates the pho-
AN tocurrent proces$®¢®3The larger photocurrent with higher
—#—3.31eV u laser energy as shown in Fig. (b}, is possibly due to the
—O0—3.12eV increased absorption coefficient and the corresponding in-
n—N crease of the photoexcited carrier density. Another point to
address is that the tunneling lifetime in Fig. 8 is estimated for
— the electrons in the lowest energy level. In our experiments,
however, the excitation energy is much larger than the PL
energy. When we apply the semiclassical tunneling model to
the carriers with larger energy such as 3.3 eV, tunneling is
much more efficient, which can be similar to or even faster
than the fast initial carrier cooling time of about 500 fs which
102k was measured in InGaN bulk when the excitation energy was
> o0 2 4 6 8 10 similar to our casé” Such tunneling of carriers which occur
Voltage before the carriers relax to sufficiently I0\_/ver energy states
can also contribute to the photocurrent which depends on the
FIG. 11.(a) PL intensity andb) photocurrent as a function of an €Xcitation energy. The PL intensities and photocurrents in the
external voltage with laser excitation energies of 3.31 (Wed  green LED’s change at a similar but reduced rates, indicating
squarg and 3.12 eV(open circlg. that the effects of the electric field on the carrier leakage
involved in the PL intensity are comparable for both blue and

cause the barrier height in the valence band is smaller an@f€en LED’s.

the effective mass is larg&The overlap integral, influenced

by the spatial separation, increases up to flat QW region, V. CONCLUSION

which may result in an increase of the PL intensity if all the

carriers were to decay by radiative recombination. On the The carrier decay dynamics of InGaN/GaN QW's, under

other hand, the carrier sweep-out processes may cause tAg external electric field which compensates the PEF, have

leakage of photogenerated carriers through or above the Gapgen investigated both in spectrum and time domains. The

barriers. It is thus interesting to examine the PL intensityPEF strength was estimated to be about-012 MV/cm by

change in the small bias region where the sweep-out proce§¥serving the plateau region and the redshift in the plot of

is less effective. the PL energy with increasing reverse voltage. We have ob-
In Fig. 11 we show(a) PL intensity andb) photocurrent ~ served three orders and one order of magnitude change in

as a function of the applied voltage at an excitation energy o€arrier lifetime of the blue and green LED’s, respectively, as

3.31 eV (filled squares and 3.12 eV(open circles in the @ function of reverse bias. At low fields, the main decay

blue LED’s. The PL intensity traces in Fig. (H. are normal- ~ channels are thermionic emission and carrier recombination.

ized to have the same maximum value. The direction of thé-or higher fields, tunneling of carriers through the tilted bar-

photocurrentithe current change with and without laser ex-riers becomes dominant. We have also shown that the PL

citation) was opposite to that of the piezoelectric field. As theintensity decrease is associated with the leakage of the car-

reverse bias is increaséice., the PEF is compensated by the riers through the barriers. Our results imply that the response

external electric fielgthe continual decrease of the PL inten- time of GaN-based optoelectronic devices can be comparable

sity is accompanied by an increase of photocurrent. This reof even faster than that of GaAs QW.

sult provides an evidence that the observed variation of the

PL intensity with the increasing reverse bias is not signifi- ACKNOWLEDGMENTS
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