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We have investigated the electric-field- and excitation-density-induced variation of the optical transition
energy and cathodoluminescen@@L) as well as photoluminescence intensity of a singleGaN/GaN
quantum well deposited in the depletion region gf-a junction. The electric-field dependence of the transi-
tion energy is significantly influenced by field screening in the depletion region due to the excited carriers and
by filling of band tail states of localized excitons. The electric-field dependence of the CL intensity is charac-
terized by an abrupt and strong quenching mainly due to drift of excited carriers in the depletion region. A
gradual screening of the-n junction field with increasing excitation density causes a strongly nonlinear CL
response. We describe this nonlinear behavior theoretically by a rate equation model.
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[. INTRODUCTION and practical application to investigate the influence of vari-
ous quenching mechanisms on the optical response of
The optical response of quantum wel{ld3W’s) depends (In,GaN/GaN QW'’s embedded in p-n junction. Further-
strongly on the electric field applied perpendicular to themore, the(In,GaN/GaN system is of special interest, since
layers via the quantum-confined Stark effe@CSB, which  localization of QW excitons due to lateral potential fluctua-
causes both a red shift of the optical transition eneifgy ( tions plays an important rof€. Consequently, density-
and a reduction of the quantum efficiency)(*~> Optical ~ dependent screening effects are expected to be superimposed
intensity modulators based on the QCSE make use of thby the density-dependent occupation of localized and free-
electric-field-induced shift oE, and hence of the excitonic excitonic states.
absorption resonance. The intensity modulation is usually a Since thep region of an(In,GaN/GaN LED is usually
result of the corresponding variation of the absorptionsituated on the top of the structuigurface sidg the electric
coefficient*® Optically controlled light modulators combine field of the p-n junction and the piezoelectric field of the
the QCSE with electric-field screening by excited carrférs. QW'’s act in opposite directions. This configuration allows
A number of authors have reported a nonlinear optical refor an easy distinction between the impact of the QCSE on
sponse caused by excitation-density-dependent electric-fielthe one side and tunneling as well as drift on the other side
screening in GaA$Al,Ga)As (Refs. 6 and Band(In,GaAs/  on the quantum efficiency of the QW.
GaAs(Refs. 7 and 9-11QW systems. In this paper, we describe the dependence of the lumines-
Little is known about excitation-density-dependentcence spectra of aiin,GaN/GaN single QW situated within
screening effects and a corresponding nonlinear optical rea p-n junction on the electric field as well as on the excita-
sponse of GaN-related QW's in an external electric field.tion density. It is shown that for cathodoluminescefct)
(In,GaN/GaN QW's could be very interesting in this respect experiments, i.e., excitation of carriers above the energy of
because of a large internal electric field mainly due to piezothe QW barriers, drift of the carriers by the electric field of
electric polarizatiort? However, a screening of the piezo- thep-n junction acts as a dominant quenching mechanism of
electric field of such QW’s by carrier excitation is rather the QW luminescence. Thus, for reverse bias and low for-
difficult, since it is expected to occur only for very high ward bias voltages, the luminescence intensity is very weak.
intensities™>* Recently, Jhoet al!® have investigated the With increasing forward bias, the recovery of the CL inten-
electric-field dependence of the recombination dynamics in gity occurs very steeply within a voltage range smaller than
light-emitting diode (LED) consisting of (In,GagN/GaN 0.5 V. Moreover, the onset voltage, at which the recovery of
QW'’s. They found that for high electric fields, tunneling of the luminescence is observed, depends significantly on the
carriers through the tilted barriers of the QW’s becomesexcitation density. As a result, the optical response of the
dominant. Thus, a field-induced modulation of the lumines-QW is strongly nonlinear. It turns out that for bias voltages
cence intensity can also be reached by other mechanismgthin the onset range, the quantum efficiency increases with
than the QCSE such as tunneling, thermally activatedncreasing excitation density because of the shift of the onset
sweep-out, and carrier dritt1As the tunneling and drift of  voltage towards lower values of the forward bias. However,
carriers depend strongly on the electric field of then for bias voltages outside of this range, an increasing genera-
junction, one should expect a significant impact of electric-tion rate leads to a reduction af due to an increasing por-
field screening by excess carriers on the luminescencton of free excitons compared with localized ones. We also
response in such structures. It is, therefore, of considerablgescribe this nonlinear behavior in detail by a rate equation
interest from the viewpoint of both fundamental physicsmodel.
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II. EXPERIMENT U

For the present experiments, we used a commercially —
available light-emitting diode developed by Nakamura 281 ]
et al® It consists of the following layer sequence fabricated
by metal-organic chemical-vapor deposition on a sapphire I
substrate: a 30 nm thick GaN buffer,idm n-type GaN, a 3 257
nm thick (In,GaN QW layer, 100 nnp-type (Al,Ga)N, and -
500 nmp-type GaN. The nominal InN and AIN mole frac- I
tions were claimed to be 0.45 and 0.2, respectively. How- 24
ever, the InN mole fraction is probably overestimated. Ac- [
cording to the value oE; for the QW between 2.3 and 2.4

E, (eV)

= N
o W

eV, the InN mole fraction is expected to be 0.25-8.&L
and electron-beam-induced curre(EBIC) measurements >
were performed in a scanning electron microscope at 5 K. '@
The beam energy amounted to 15 keV. g
Investigations of the excitation-density dependence were o
carried out by varying either the electron-beam current or the &
excitation volume switching the beam from the focused to wa.5
well-defined defocused statt¥As a measure for the excita- )
tion density, we use the generation r&@ewhich is the num- g
ber of electron-hole pairs excited by the electron beam per <Z‘5

second per unit are&: G=G,/A. An approach to estimate
Gy has been described in Ref. 13. For the focused electron
beam, the area of excitation has been determined by calcu-
lating the lateral energy dissipation of the 15 kV electron ) .
beam in GaN using Monte Carlo simulations and by taking,_ F'G: 1. (8 Optical transition energy(squares—exracted
a diffusion length of the electron-hole pairs of 100 nm oM CL spectra—as a function of the bias voltage for #eGaN/
(Refs. 21 and 2Rinto account. The lateral width of electron ﬁaN LED containing a single quantum weBQW) at 5 K. (b)
scattering has been defined as the lateral distance Witpormahzed CL intensitutriangles and EBIC signal(dots as a
L . . nction of the bias voltage at 5 K. The solid lines (@& and (b)
respect to the incident electron beam, at which the d|5$|patergipresent the results of
energy is decreased by a factor of 3. For the focused electrof.,jations.
beam, we obtain a diameter of the excitation area ofuhd
and generation rates ranging from 860 to 7.2 calculations, in particular, within the bias range between 0
X 107° cm~2s71, when the beam current is varied between 1and —10 V. We will return to this discrepancy later. For an
and 200 pA. The variation of the beam current is limited (In,GAN/GaN QW without an external electric field, a com-
by the signal-to-noise ratio on the low-current side andPensation of the internal piezoelectric field leads to an in-
by electron-beam-induced modifications of the optical and-reéase of the quantum efficiency. Thus, the CL intensity
electrical properties of GaN on the high-current sitle. (Icu) is expected to increase by field compensation. In our
PhotoluminescencéPL) investigations were performed at €ase, the opposite is observed as shown in Filgl. With
10 K using the 325 nm line of a HeCd laser for high-energydecreasing forward bias, the CL intensitfriangles in-
excitation and the 413 nm line of a Krion laser for low- creases only between 3 and 2V, but decreases abruptly for a
energy excitation. further reductlon'oU bias- . .
Already back in 1985, Horikostét al® have shown that
the PL quenching in reverse-biased GaAsGa)As QW's is
Ill. RESULTS AND DISCUSSION due to carrier tunneling and carrier drift induced by thae
junction field. Jheet al® considered carrier sweep-out of the
QW by tunneling and thermionic emission in order to ex-
In Fig. 1(a), we show the optical transition energy of the plain the PL quenching in straingth,GaN/GaN QW’s with
(In,GaN/GaN QW as a function of the bias voltagef,).  increasing reverse bias. Our observation of an increase of the
The symbols and the solid line depict the experimental dat&BIC signal[marked by dots in Fig. (b)] and a simulta-
obtained from CL measurements and the theoretically exneous decrease of the CL intensity suggests that the CL
pected ones, respectively. Wheh,s is varied from 3 to  quenching mechanism is governed in this case by the carrier
—10V, the experimental values & increase by about 200 drift. The scenario is schematically sketched in Fig)2CL
meV indicating the compensation of the piezoelectric field ofis induced by high-energy electrons resulting in an excitation
the QW by the electric field of thp-n junction. The latter is  of carriers far above the band-gap energy of tA&Ga)N
composed of the built-in field and the electric field related tobarriers. Thus, for a reverse-biaspeh junction, electrons
the applied bias voltage. Hereafter, the total electric fieldand holes can experience a drift, sweeping the holes and the
across the depletion region is callpeh junction field. There electrons towards the andn contact, respectively. Some of
is a large deviation between the experimental data and thihe electron-hole pairs are captured within the QW and con-

.0
=}

A. Field dependence of CL and PL spectra
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10 above(solid squaresthe band-gap energy of GaN for thle,GaN/

GaN LED containing a SQW as a function of the bias voltage at 10
K. E,c denotes the energy of the laser light used for the PL exci-
tation.
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with the densityn, as well as free and bound excitons in the
QW region with the densities,, and n;, respectively. The
recombination dynamics ofin,GaN/GaN QW'’s is essen-
e tially determined by exciton localization, where the respec-
-20 100 0 10 20 tive localization centers—hereafter called trap levels—are
Distance (nm) formed by growth-related fluctuations of the InN mole frac-
tion in the well layert® Thus, we have to distinguish between

containing a SQW(b) Calculated band structure ofpn junction Iocallzgd (o.r boémd arld fr?e heXC|ton§ ('jn the_ QW. TL‘e
containing a SQW. The band edges represented by dotted and sofificompination dynamics of the excited carriers with a
lines have been calculated without and with taking screening of thg€neration rat& is governed by the following three coupled

p-n junction field into account, respectively. The bias voltage @€ equations describing the situation for the carriers in
amounts tdJ,;,= — 9 V. For the screening condition, we assumed the barriers and for the free as well as bound excitons in

a carrier generation rate @=3.5x10° cm ?s™ 1. the well:

FIG. 2. (a) Sketch of the energy-band structure qf-a junction

tribute to the CL signal, while some drift away, before being G—b,yNp+ beuNyw— 9N, =0, (1)
captured by the QW, and contribute to the EBIC signal. A
fraction of captured carriers can tunnel through the barriers

. : \ + - + Do — -
and contribute again to the EBIC. Both effects, drift G+ Bruno = Bewhu+ Do = BreNw(Nr=1)

and tunneling, can control the quantum efficiency in the well. = (9wt 9nw)Nw=0, (2
At high reverse-bias voltages, the-n junction field is
high, leading to a large drift velocity of the carriers meaning b,Nyw(N7— ) — beiny— gin=0. (3

a high escape rate on the one hand and on the other hand
to a large tilt of the barrier potential meaning a high tunnel-For the sake of clarity, we have sketched the processes in
ing rate. Fig. 4. Moreover, all the symbols used in the rate equations
In order to clarify whether tunneling or drift dominates
the CL quenching mechanism, we performed field-dependent
PL measurements using different excitation energies. Figure Barrier
3 displays the corresponding results, where open and full n,
squares represent the PL intensities for excitation well below | \
and above the band-gap energy of GaN, respectively. Clearly, ib b
the electric-field dependencies of the PL intensities differ
significantly from each other. Moreover, a distinct PL :
quenching showing a steep slope within the 2 to 1 V bias G ”u}_\b ‘\b
t et
90 "]

free

range is only observed for the above-band-gap excitation,
which closely resembles the CL result. Consequently, we 9w
conclude that drift is the more dominant mechanism for CL M

quenching. i’

bound
excitons

B. Model calculations FIG. 4. Sketch of the processes included in the theoretical

Under the excitation condition, we consider three types otnodel, which describes the recombination dynamics in a QW for
carriers in the system: excess carriers in the barrier regioparrier excitation above the band-gap energy of the barriers.
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are listed in Table | along with the corresponding explana- TABLE I. Symbols used in the rate equations of the theoretical

tions.

model.

We consider that the densities of excess electrons and holes
in the n- and p-type regions are the samay) and are gov-

Symbol

Explanation

erned by Eq(1). We neglectb,,, to decouple Eq(1) from

the others, which is a good approximation, particularly, at
low temperatures, where thermally activated sweep-out of ™"
carriers is basically suppressed. Furthermore, tunneling out be‘
of the QW has been neglected, since we have seen that for '
CL (excitation far above the band-gap energy of the barrier

tunneling is affectingy much less than the drift of the car- b
riers. Thus, our model focuses mainly on the relation be- 9w
tween the drift within the field of th@-n junction and the 9t
capture probability of the excited carriers. The capture rate 9nw

ew

b,, can be expressed®s Ny
r"W
F N
Brw* o= boF expg — E.l’ (4) Nt
C

Emission rate of QW
Capture rate of QW
Emission rate of traps
Capture rate of traps
Generation rate
Recombination rate in barrier
Radiative recombination rate of free exciton in QW
Radiative recombination rate of bound exciton in QW
Nonradiative recombination rate of free exciton in QW
Density of excited carriers in barrier
Density of free excitons in QW
Density of bound excitons in QW
Concentration of trap levels in QW

whereb, andF . are constants, anll is the electric field at

the position of the QW. We assume that the cross seetjpn stant as a first approximation. The radiative recombination
for capture of a carrier by the QW decreases exponentiallyate of free excitons may be expressedygs-a/T, wherea

with the increase of and that the drift velocity 4 increases
linearly with F: o, <exd —F/F.] andv4<F. If we consider a
QW just at the middle of a symmetrip-n junction with
Nao=Np=N;, thenF=[gN/ (Vy;—V)/e]¥? whereN, and
Np are the acceptor and donor concentratianis the elec-
tronic chargeg the dielectric constany/y,; the built-in volt-
age,V the voltage applied across tigen junction, andN;
=N;—n,. Equationg1) and(4) are solved to obtain, and

is a constant. In principl@ should be proportional to the
integral of overlap between electron and hole stationary
states. To obtaira, we should solve the Schatmger and
Poisson equations self-consistently along with these rate
equations. We avoid this computational complexity by
choosinga to be a constant. We will later discuss the range
of validity of this approximation in our model. The rate
equations(1)—(3) along with Eqgs.(4) and (5) are solved to

By - obtainny,, n;, andn,,. Finally, the quantum efficiencies,,
Next, we utilize detailed balance between the thermaRnd 7, for free and bound excitons defined as,

emission and capture rates of the excitbhs:

=gwnw /G, 7,=0g:n;/G, and the total quantum efficiency of

the QW 5= »,,+ n; were calculated.

_brt_ 1 Eb 5
T b N, T ®

In Fig. 1(b), the calculatedn(U ;.9 is represented by the
solid line. We did not try to fit the experimental data, since

too many parameters of the investigated structure are un-
whereo is the cross section for capture of an exciton by aknown. We rather simulatey as a function ofU;,s taking

trap level,E, the localization energy\, the total density of
the extended stategg the Boltzmann constant, ant the
lattice temperature. To remove thHerincipally unknown

some meaningful values of the parameters listed in Table I
into account, to qualitatively compare the experimental val-
ues with the calculated ones as it is shown in Figo).1

emission and capture coefficients, we next assume the validualitative deviations are observed for high reverse and high
ity of the above detailed balance criterion even under stationforward bias voltages, where the experimental data indicate a
ary conditions. While this assumption is strictly true only atdecrease of the quantum efficiency with increasihg,s,

high temperatures, it can be shown to be an excellent apwhile the calculated; remains constant. Fd;,c>2 V, the
proximation even at low temperatures due to the exponentiajualitative deviation is due to the consequence of the ap-
nature ofag. We thus obtain a simple analytical solution to proximation of treatinga as a constant. At these voltages,
Egs. (2) and(3), which depends only on the recombination free-excitonic recombination dominates the CL and hence

rates and.

7w 1. The value ofa and thereforep,, actually decrease

We adopt the following conventions for the various re-with increasing bias voltage because of the QCSE. The im-
combination ratesgy,, g;, andg,,, are assumed to be con- pact of the QCSE is also apparent in Figa)lin the form of

TABLE Il. Parameter values used for the calculation of the quantum efficiendy,=Ng=N; denote the dopant concentratioks,the
binding energy of the localized excitons, aNg the concentration of the trap levels in the QWY.is a constant.

NA:NB:Ni

E, Nt b

Ow Gnw g g o
(cm™3) (s (s (S’tl) (S’bl) (meV) (cm™2) (s
1x10% 1x10° 1x10% 9x10° 1x10° 25 1.4x10° 7x10%
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TABLE Ill. Parameters used for the calculation Bf. N, and Ng denote the acceptor and donor
concentration in th@- andn-type doped barrier, respectiveNaw, Npw. dy,, andx represent the acceptor
concentration, the donor concentration, the thickness, and the InN mole fraction of the well layer, respec-
tively. AE: and AE,, denote the band offsets of the conduction and valance band between the well and
barrier, respectively. Polarization fields of the QW are included according to Bernatdiht?

Na=Ng=N; (cm %) Naw (cm™3)  Npw (cm %) d,, (nm) X  AEc (eV) AEy (eV)

1x10% 1x10% 3x10Y 3 0.3 0.726 0.311

a red shift ofE, with increasingU,,sabove 0 V. In Fig. 1b), For the focused electron beam, the generation rate ranges
the deviation(for large reverse-bias voltageis due to an  from 3.6x10'® to 7.2<10°° cm ?s™*, when the beam cur-
increasing probability of carrier tunneling through the tilted "ent is varied between 1 and 200 pA, as indicated by the
barriers, which is also not taken into account in our modelnumbers ;n Flgz- Eﬁ)l- The lowest generation rate of Fig. 5

The most distinct feature of the, (U,,) characteristics is, (=410 cm ?s™) has been achieved by additionally de-
however, governed by the competition between carrier driffocusing the electron beam, i.e., by increasing the excitation
and capture and therefore well reflected by the calculate@'e@. For the defocused beam, the spot size has been deter-
results. mined as described in Ref. 13. The electric-field dependence
We solve the Schidinger and Poisson equations self- of _both the_transiti_on_energy e_md the CL intensity varies sig-
consistently to obtain the values & . We assume a Qw nNificantly with excitation density. _ _

with a certain polarization field just at the middle of a sym-  Et Shows an overall blue shift with increasing generation
metric p-n junction. The parameters used in this calculationsate. This blue shift can be attributed to the filling of the
are listed in Table IIl. The calculated valuesBfas a func-  0calized states by the increasing population in the QW. The
tion of the bias voltage are represented by the solid line irfcreening of the piezoelectric field in the QW, which can also
Fig. 1(a). We have already mentioned that for reverse-biadiVe rise to a blue shift, plays almost nczlrole within the range
voltages there is a large deviation from the experimentallyPf G values we have used in this §td&}l The carrier popu-
obtained results. One reason for this deviation could be #tion can also be increased by bias-induced enhancement of
partial screening of thp-n junction field by excited carriers,
which has not been included in the calculationEfU ;.9 -
Indeed, screening of thp-n junction field has to be ex- T T
pected, since the excited electrons and holes are quickly 2.45
separated by the field, which essentially suppresses the radia-

tive recombination rate. Thus, as long as the excited elec-

trons and holes are not captured by the Q¥Wr Uy, 2.40
<1.5V) they contribute effectively to the screening of the
electric field in the depletion region. However, once the ex-
cited carriers are captured by the QWor Up,e>1.5 V), W 235 ’
they cannot be separated by tipen junction field, and "i‘*r._‘_ -
screening is suppressed. The impact of screening opthe ) ]
junction field onE; of the QW becomes visible in Fig(l 230l C) ~~~~~~ ..
showing the calculated band structures with and without
screening. We take the screening of e junction field e
into account by replacinly; by N; . Clearly, screening of the
p-n junction field by excited -carriers G=3.5

X 10 cm?s™ 1) leads to a significant decrease of the com-
pensation of the piezoelectric field in the QW. While without
screening, the QW field is nearly compensattte band is
almost flat in the well region the QW field is much less
compensated under screening conditions. In the following,
we consider the variation dfc| (Upia9 and E¢(Uy.d with
increasing excitation density, i.e., the influence of screening Y L
effects. u._ (V)

(eV)

44

u"""¥ay 0.36 ]

Normalized ICL

FIG. 5. (a) Optical transition energies angh) normalized CL
intensities as a function of the bias voltage for the GaN/GaN
Figures %a) and §b) display the bias voltage dependence | Ep containing a SQW. The various data sets differ in the CL
of E; andl¢, respectively, obtained for various values of generation rate, which is displayed in units of46m=2s 1 in (a).
the CL generation rate. For the sake of clarity, we have norgL represents the onset energy of the electroluminescence of the
malized the CL intensities to the respective maximum values.ED.

C. Excitation-density dependence
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the capture probability in the QW, as has been discussed U V)
earlier. This fact is clearly reflected B(Uy;,9 for the low- N S
est generation rate, where within a bias range of 1.5-2 V the N — 70x 10" om?s i
red shift caused by the decreasipgn junction field is in- b —— 3.6x10" em?s” , ~
verted into a blue shift, which correlates well with the steep [ [ == 2.2x10%em’" :
increase ofl o, indicating a steep increase of the capture
probability for Up,s>1.5 V. The bias dependence Bf is
basically governed by three competing proces&gghe in- _
teraction of the piezoelectric field of the QW with the field of
the p-n junction, (ii) the filling of band tail states, an(i) a
partial screening of the-n junction field by the excited
carriers as has been discussed above. The competition be- 0=
tween the impact of thp-n junction field viathe QCSEand | 35210  omi s
the band tail filling via field-induced occupation of the QW b | —70x10% em® s
can be directly observed within the bias range of 1-2 YV, o |—-—35x10"cem?s
particularly, for low generation rates. 0.15
The onset of electroluminescencéEL) appears at I
Upias=2.8 V and exhibits a transition energy of 2.30 eV. |
This value agrees well with the extrapolatég(U;,9 of I L
the lowest excitation density in Fig.(® (dashed ling 0.10 F P
Indeed, an estimate of the corresponding EL generation rate
can be obtained from the measured forward current of e
0.3 #A. This value of about 1§ cm 2s™! is even lower ) ) U, (V)
than the smallest generation rate used for CL. The compari-
son of the CL and EL data nicely confirms the picture of FIG. 6. (a) Measured CL intensity divided by the electron-beam

localized carriers being mainly involved in the EL of such current[lc, /i,] and (b) calculated quantum efficiency for the
LED’s.25-27 (In,GaN/GaN QW LED as a function of the bias voltage for three

Another striking feature of increasing excitation density iSdIStInCt values of the CL generation rate. The Iatter.are deplgted in
the graphs. Other parameters used for the calculations are listed in

a shift of the onset voltage of tHe, (U9 curves towards Table Il
lower forward bias voltages indicated by the dashed arrow in '

Fig. 5(b). The excitation-density-dependent shift of this onseteficiency is reduced for bias voltages outside of this range.
voltage can also be easily understood in terms of a partigh, other words, the QW system exhibits a strongly nonlinear
screening of theg-n junction field. Higher excitation density |yminescence response.

means more screening of then junction field, which in We have also measurdg, as a function of the genera-
turn means lower drift velocity and hence a higher crossion rate for four values of the bias voltage. Figure 7 shows
section of the QW for carrier capture. The capture of carriershe corresponding ratipl - /i,] as a function ofG. For an

by the QW(the onset of the abrupt increase of the CL inten-increasing generation ratgl,c, /i,] and thereforey are ei-
sity) starts at lower forward bias for higher excitation densi-ther reducedat U,;,s=2.1 V) or increasedat U ,,c= 1.4 and
ties. As a consequence, of the QW significantly increases 1.65 V). At U,;,c—=0.8 V, 7 firstly decreases, but increases
with increasing generation rate, when a bias voltage betweeagain for very large generation rates indicating a strong shift
1 and 2 V is chosen. Within this bias range, the capture crossf I c| (Uyid towards low forward bias voltages. The reduc-
section of the QW increases steeply with decreasing drift
field providing an efficient control ofy by excitation-

CL/Ib

1.0 .

induced screening of the-n junction field. o1y
Figure Ga) displays the ratio between the experimentally e
obtained CL intensity and the electron beam curregj, ( o
which is a measure for the quantum efficiency, as a function 05 i oy ]

of Upiss for three values ofG. In Fig. 6b), we show the I
theoretically obtainedy(U,;,d for various generation rates. 1165V
As before, we only attempt to qualitatively compare the ex- -

perimental data with the results of our model calculations by 0.0 LT ._‘_2-8 VI 1
using meaningful values for the corresponding parameters | 10 102 107
(cf. Table Il). Both experiment and theoretical model exhibit Gem?s')

qualitatively the same dependencepfon U,s and onG:

The impact ofG on the quantum efficiency is expected to be  FIG. 7. CL intensity divided by the electron-beam current
very different, when the bias voltage is varied. While for 1 (1, /i,] for the (In,GaN/GaN QW LED as a function of the CL
<Upias<2 V, 7 increases with increasin®, the quantum generation rate for four distinct values of the bias voltage.
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v and the quantum efficiency remain almost unchanged. This
set of CL spectra confirms nicely the trends observed in Fig.
7 and demonstrate again the strong density dependenge of
within the bias range, in which luminescence quenching oc-
curs. Moreover, the variation of the spectra shape with in-
creasing excitation density, particularly for,,=1.65 and
0.8 V, can be interpreted in terms of filling as well as satu-
ration of localized and occupation of free exciton states in
the QW. For the low excitation densitglefocused electron
bean), the capture probability of the QW is small and most
of the captured excitons can occupy localized stdtesp
levels in the well. For the high excitation densitfocused
electron beam the p-n junction field is partially screened
leading to a significant enhancement®f, which in turn
yields a high exciton concentration and therefore a saturation
- of localized band tail states in the QW. As a result, the maxi-
25 mum of the CL spectrum shifts towards higher energies. In
Energy (eV) this sense, the high-energy part of the CL spectra obtained by
excitation with the focused beam can be considered as a

FIG. 8. CL spectra of théin, GaN/GaN SQW deposited within o ntribytion of mainly free excitons, whereas the low-energy
ap-n junction for three distinct values of the bias voltage. Solid andshoulder—clearly visible for Uy=165 and 0.8
dashed lines represent CL excitation by a focused and strongly d%—represents probably the Contribulﬁf)n of localized exciton
focused electron beam, respectively. The CL generation rateétates; For increasing forward bias, the red shift of the free-
amounts to about 810%° cm 2s™?! for the focused beam and is > ; 9 ’ . .
roughly two orders of magnitude less for the defocused beam. AdEXciton CL is due to the enhancement of the piezo-electric

ditionally, the EBIC values measured at the bias voltages of 1.65§'e|d in the QW. . .. .
and 0.8 V are displayed. The observed nonlinearities of the luminescence response

of the LED-QW structure have at least to be taken into ac-
count, when intrinsic recombination properties are investi-
tion of » observed folJy,,o>2 V, where the flat-band con- gated by density-dependent measurements. One can also
dition of the depletion region is nearly reached, is due to anmake use of such nonlinearities, e.g., for optical modulation
increasing portion of free excitons compared with localizedpurposes.
ones, when the excitation density is increa¥etf. The en-

hancement of; observed folJ ;.= 1.4 and 1.65 V is due to

a partial screening of thp-n junction field and the resulting

increase ofo,, as discussed above. In conclusion, the optical response of a singie GaN/

We have cross-checked the anomalapds) behavior GaN QW deposited in the depletion region gb-an junction
demonstrated in Fig. 7 by using an alternative method tds strongly nonlinear, i.e., depends significantly on the
vary the generation rate namely by increasing the excitatiomexcitation density and on the applied bias voltage. For a
volume via a well-defined defocusing of the electron beamdecreasing electrical field within the depletion region, the
When the current and energy of the beam are kept unpiezoelectric field of the QW gradually recovers resulting
changed, the CL spectra provide a direct measure for thim a red shift ofE;. Once the field in the depletion region
variation of » with varying excitation density in this manner. has been reduced down to a certain value, the probability
As an example, Fig. 8 shows CL spectra obtained at biasf carrier capture within the QW increases steeply, and filling
voltages of 2.7, 1.65, and 0.8 V. Solid and dashed lines repaf band tail states of localized excitons results in a blue
resent CL excitation by a focused and strongly defocusedhift of E, in competition with the red shift due to the
electron beam, respectively. The generation rate of the foQCSE.
cused beam amounts tox3a0?° cm 2s 1. The one of the PL excitation below and above the band-gap energy of the
defocused beam is about two orders of magnitude lower. Fdvarriers revealed that for the high-energy excitation, the lu-
2.7 V (p-n flat-band case is nearly achieyedn increase of minescence efficiency is essentially influenced by drift of the
the excitation density leads to a small decreaseyoffThe  carriers caused by the-n junction field. Thus, the electric-
situation is significantly different, when a bias voltage of field dependence of the CL intensity is mainly governed by
1.65 V is chosen. Now, an increase of the excitation densityhe drift of excited carriers resulting in an abrupt quenching
leads to an enhancement gty a factor of 2.7 and to a blue of the intensity if the field of the depletion region exceeds a
shift of the CL spectrum. At the same time, the EBIC signalcertain value. Consequently, for low forward and for reverse-
decreases by a factor of 2.75. Therefore, the CL intensitpias voltages, the CL intensity is very weak. The forward
clearly increases at the expense of the EBIC indicating théias voltage, at which a recovery of the quenched CL inten-
competition among carrier capture and carrier drift. For 0.8sity is observed, shifts towards lower values, when the exci-
V, the increase of the excitation density causes a blue shift dation density is increased. Corresponding model calculations
the CL spectrum as expected, where both the EBIC signahow that a screening of theen junction field by the excited

U =

bias

I, (arb units)

IV. CONCLUSIONS
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