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Electrostatic fields and compositional fluctuations in(In,Ga)N/GaN multiple quantum
wells grown by plasma-assisted molecular-beam epitaxy
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We investigate the recombination mechanismlmGaN/GaN multiple quantum wells grown by plasma-
assisted molecular-beam epitaxy. It is shown that for a thorough understanding of the spontaneous emission
from these structures both electrostatic fields and compositional fluctuations have to be taken into account. The
influence of the internal electrostatic fields is examined by continuous-wave and time-resolved photolumines-
cence as a function of well width. The transition energies and radiative decay times are shown to be in
agreement with the quantum-confined Stark effect in these structures. The temperature dependence of the
radiative decay time is measured to probe the dimensionality of the system. For a quantitative understanding,
a rate-equation model is utilized for analyzing the data. At low temperatures, recombination is governed by
localized states whereas for high temperatures extended states dominate. This analysis shows that the local-
ization depth in these structures is below 25 meV.
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[. INTRODUCTION rightly called apparent Stokes shift, acknowledging the fact
that the ground state with its extremely low oscillator
Despite the successful demonstration (bf,GaN/GaN  strength is simply undetectable in absorption.
multiple quantum wel(MQW) light emitting diodes and in- In this paper, we will devise and demonstrate experiments
jection laser diodes, there still is a lack of agreement abouivhich allow us to distinguish between these two phenomena.
the actual recombination mechanisms in these structures. The separation of fields and fluctuations is possible by varia-
experimental results® are controversially discussed in terms tions of parameters to which only either of these phenomena
of two different phenomena, namely, internal electrostatids sensitive. Specifically, we will tune an internal parameter
fields and compositional fluctuations. This controversy maywell width) and an external parametéPL measurement
be due to the fact that the consequences of composition&mperaturgto access electrostatic fields and compositional
fluctuations are difficult to distinguish from those of internal fluctuations, respectively.
electrostatic fields, as detailed in the following. (In,GaN wells grown under nominally identical condi-
The strong polarization fields in wurtzite nitride semi- tions are expected to exhibit very similar degrees of compo-
conductor8 lead to the formation of huge electrostatic fields sitional inhomogeneity. Hence the impact of electrostatic
parallel to the polarc axis of [0001] oriented(Al,Ga,InNN  fields may be investigated by varying only the individual
heterostructure§These fields result in the spatial separationthicknesses of well and barrier but keeping the In content in
of electrons and holes and thus in a redshift of transitiorthe well constant. The resulting changes in emission energy
energies(quantum-confined Stark effecand prolonged ra- and decay time may then be assigned to electrostatic fields
diative decay times with respect to flat band conditibns.  with confidence. However, the examination of samples hav-
In thermal equilibrium, a miscibility gap is predicted on ing different well widths relies on the reproducibility of the
theoretical grounds fofin,GaN leading to spinodal decom- growth procedure. In segregation, desorption and clustering
position (bulk segregation’ While the deposition tempera- are all thermally activated processes and thus critically de-
tures for both molecular-beam epitaxBE) and metal- pend on the deposition temperature. Instabilities of the latter
organic chemical-vapor deposition are far too low formay lead to substantial deviations of the transition energies
achieving thermal equilibrium, compositional inhomogene-of samples grown under nominally identical conditions. For
ittes and In clustering has been observed for thisexample, the transition energy is reported to shift as much as
material’®! Excitons will be localized at regions having a 250 meV by variations of only 10 K of the substrate tem-
higher In content with respect to the surrounding matrix. Theperature* For examining the reproducibility of our own
larger the localization depth, the more the transition energy igrowth procedure, we investigated two samples grown at dif-
redshifted and the transition rate is reduced with respect téerent days under nominally exactly identical conditions. We
the free excitort? In the experiment, these findings coincide found both the structural and optical properties of these two
with the consequences of internal electrostatic fields. samples to be in close agreement. The In content, as deter-
Therefore it is impossible to distinguish electrostaticmined by x-ray diffractometry, differed by only 1%, and the
fields and compositional fluctuations by a single photolumi-PL peak position 85 K was shifted by less than 50 meV.
nescence(PL) experiment. Absorption measurements alsoThese figures thus set the error margin for comparison of
fail to distinguish between these two phenomena since thdifferent samples.
oscillator strength is substantially reduced in both cases. Direct access to compositional fluctuations is possible by
Transitions with higher energy have a larger oscillatorinvestigation of the dimensionality of the system at different
strength and thus a Stokes-like shift between emission angmperatures. At very low temperatures, excitons are local-
absorption is commonly observédl.Indeed, this shift is ized and occupy zero-dimensional states. With increasing
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temperature, excitons are thermally activated and start to oc- TABLE |. Structural parameters of the tw@n,GaN/GaN
cupy extended, two-dimensional states of the quantum welMQW's as determined by x-ray diffractiorx, dngan, and dgan

A quantity reflecting the dimensionality of the system is thedenote the In content in the well, the well thickness, and the barrier
radiative decay timer, which is proportional toT®? for a  thickness, respectively.

system having dimensions?

Sample X dingan (NM) dgan (NM)
W1 0.17 3.1 12.1
. NT
Il EXPERIME w2 0.16 5.9 8.8

The samples are grown on on-axis Si-face (88D1) by
plasma-assisted MBE in a modified Riber-32 system )
equipped with conventional effusion cells for Ga and In and'€rs&- As large V/lll ratios are known to suppress In segre-
an EPI RF N-plasma source. Approximatelyufn-thick gation in(In,GaN growth, it is tempting to explam the time
GaN(0002) buffer layers are grown prior to the deposition of d€lay by the presence of a floating In layer that is consumed
the actual MQW structure at a substrate temperature of abo@Hfng barrier deposition. The presence of In segregation for

700 °C and stoichiometric conditions. Further details of supmétal-rich grown wells is seen in HRXRD in conjunction
strate preparation and buffer growth may be found elseWith dynamical simulation. In HRXRD, only the integrated

where® The deposition of theln,GaN/GaN MQW struc- In content is determined and the kinematic analysis based on
ture requires a lower substrate temperature as well as %€ nominal deposition times yields the nominal MQW pa-
higher flux of active N with respect to the GaN buffer. rameters. However, the simulation based on these nominal

Hence, prior to the growth of thén, GaN/GaN MQW struc- parameters fails_ to agree with the_ data. !nterestin.gly, .excel—
ture, growth is interrupted for approximately 15 min for de- lent agreement is obta_lr)ed after kinematic gnaly5|s with the
creasing the substrate temperature and for stabilizing a higi'™ Of nominal deposition time and delay time taken from
N flux. The (In,GaN/GaN MQW'’s are then deposited at a RHEED to account for In segregatlon. Secondary-ion mass
substrate temperature of 580 °C, a plasma power of up to 258PECTOSCOPYSIMS) supports this approach as the actual

W, and a N flow of 0.7 SCCM(SCCM denotes cubic cen- well thickness is in very good agreement with the structural
tirT’1eter per minute at STPyielding a N-limited growth rate parameters determined using the modified deposition times.

- : ; ; The interfaces of the samples under investigation in this pa-
well in excess of lum/h. Growth is monitoredn situ by . :
reflection high-energy electron diffractitiRHEED). After ~ P aré indeed smooth, as evidenced by a streaky RHEED

growth, the samples are characterized by high-resolutioﬁattern during growth_and the agreement of the _expe_rimen_tal
triple-axis 6—20 x-ray diffraction (HRXRD) scans using and simulated satellite peak intensities and linewidths in

Clq, radiation. The profiles thus obtained are analyzed’|

by dynamical x-ray-diffraction simulations valid for arbi-
trarily high straint’ The optical properties are studied by

RXRD.

As seen from the structural dafgable ), the two samples
have nearly identical MQW period45 nm and In contents
(0.16 in the well. These samples are thus ideally suited for a

continuous-wave PL(C.W .PL) using thfe 325'_22]&“%. of a direct investigation of electrostatic fields as only the well
He-Cd laser at an excitation density of 0.1 Wchand time- i varies. It should be noted in this context that a direct

resolved PL(TRPL) utilizing a frequency-tripled Ti:sapphire Kinematical analysis of the XRD profiléseglecting In seg-
laser with a pulsle width Off aboujrﬁ400 fs, a repetition rate Ofyoqation yields twice the In content and only half the well
76 MHz, and a fluence of 1 nJcm. width with respect to the values in Table I.

Ill. SAMPLE STRUCTURE IV. ELECTROSTATIC FIELDS

The samples investigated in this work are labeled W1 and Figure 1 compares the optical properties of samples W1
W2 and consist of ten-periodin,GaN/GaN MQW’s. In  and W2 at 5 K. The transition energy of sample W1 with the
these samples, the layer thicknesses are varied utilizing dif3.1-nm-wide wells is at 2.83 eV while that of sample W2
ferent well deposition times but otherwise nominally identi- with its 5.9-nm-wide wells is redshifted to 2.48 eV. More-
cal growth conditions. Metal-stable surface stoichiometriever, the PL decay times are remarkably different. Sample
were used to achieve smooth interfaces in order to minimiz&V1 exhibits an almost monoexponential decay with a decay
the localization of carriers at well width fluctuations inducedtime of ;=1 ns. In contrast, sample W2 exhibits a signifi-
by N-stable conditions. Such a localization leads to a significantly prolonged decay timsy,, which can only be roughly
cant redshift of the transition energfy. estimated to bery,=50 ns from the PL intensity ratio di-

The structural parameters of the two MQW'’s are exam-ectly after and before the 13-ns separated excitation pulses
ined in analogy to our recent wdfkwhich is summarized in  under the assumption of a monoexponential decay.
the following. During QW growth, 41X1) RHEED pattern For a direct comparison of these experimental results
is observed, which gains in intensity during barrier growthwith theoretically expected transition energies the band pro-
until finally a transition to a threefold reconstruction along files of these samples are calculated on the basis of the struc-
the [1100] azimuth is detected. The time delay for the ap-tural parameters in Table |. We perform self-consistent
pearance of the surface reconstruction depends on the sp®ehralinger-Poisson calculatiotts using the piezoelectric
cific surface stoichiometries during well and barrier deposi-and spontaneous polarization constants of Bernagtirail ®
tion. Large V/III ratios lead to short time delays and vice These band profiledig. 2) are dominated by the presence of
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FIG. 1. Transition energy and decay time of (he,GaN/GaN ~ FIG. 2. Band profiles of théin,GaN/GaN MQW under inves-
MQW's at 5 K studied by(a) cw PL and (b) TRPL. Note the tlgqtion for (g) sample Wl andb) sample W2. The transition en-
redshift in transition energy and the prolonged decay time of sampl€'9i€s are given in the figure.

W2 with respect to sample W1. The decay time of sample W2 is

estimated from the PL intensity ratio of 0.78 prior and after theelectric fields are always present (im,GaN/GaN MQW's.

excitation pulsgsequential pulses are separated by 13 ns For investigating effects related to a possible compositional
inhomogeneity, it is thus required to concentrate on struc-

strong electrostatic fields in these structures. The estimatdyres for which the impact of these electric fields is mini-
transition energies are in very good agreement with the datdized. We thus focus in the following on sample W1. The
in Fig. 1 as the calculated transition energies are 2.82 angemparatively short decay time of 1 ns for this sample evi-
2.51 eV for samples W1 and W2, respectively. Moreover, th&lences that carrier repomblnatlon is not'overly aﬁgcted by
ratio of the radiative decay times can be estimated from th&he presence of electric fields, thanks to its 3-nm-thin wells.
respective electron and hole wave-function overlap. Theo-
retically_, we expectr_WZ/rWlwllo which is _in fz_iir agree- V. COMPOSITIONAL FLUCTUATIONS
ment with the experimental value of 50 taking into account
the experimental uncertainty iny,. These findings clearly We first examine the dependence of the PL decay tigpe
demonstrate that electrostatic fields play an important rolen emission energjFig. 3@]. The decay time is approxi-
for recombination and must not be neglected. mately 1 ns in the vicinity of the main peak but decreases to
It is interesting to calculate the transition energies base@bout 250 ps as the emission energy approaches a weak high-
on the structural parameters obtained by neglecting In segr@nergy peak. Previous investigators have observed similar
gation(see above These values result in transition energiesPL spectra as well as energy-dependent decay times, and
of 2.89 and 2.38 eV, which evidently are in disagreementave attributed the high-energy peak to extended quantum
with the experimental data. In this case, one thus might bavell states, while the dominant low-energy peak was thought
tempted to conclude that the electrostatic fields calculatetb be due to deeply localized stat@sHowever, we have
from the polarization fields of Bernadiet al® are too large. performed detailed depth resolved cathodoluminescence
Indeed, a reduction of the electrostatic fields by a factor of ZCL) which evidenced the high-energy emission to be local-
leads to a better agreement, in that the difference in transitioized at the MQW/buffer interfac®. It is thus most likely that
energies between the two samples is close to the experimetfis high-energy peak originates from the first quantum well,
tally observed value of 0.35 eV. This finding is in perfect which we believe to be highly doped due to the SIMS from
accordance with our previous resuifsincorrect structural GaN layers with several growth interruptions were at the
parameters for(In,GaN/GaN MQW's will lead to the detection limit (18" cm %) during continous growth, but
(wrong conclusion that the electrostatic fields are smallempeaked at the positions where growth interruptions were
than theoretically expected. Having the knowledge of(dite made. Based on these results and the temporal duration of
least approximate)ystructural parameters, we instead arrivethe growth interruption, the O concentration at the buffer/
at an excellent agreement between calculated and experimeltQW interface, assumed to have a width of two monolay-
tally observed transition energies and decay times. ers, is estimated to be as high as 2B cm 3. Self-
Regardless of these detalils, it is clear that strong internatonsistent Schidinger-Poisson calculations show that this
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g‘_ radiative decay timer, is proportional to the inverse of the
g 200 spectrally integrated TRPL peak intensity divided by the in-
£ 00| \ ] cident fluence. This result can be derived as follows. Con-
z ol 01000 N N\ sider an excitation puls&(t) which generates excess carri-

o6 27 28 29 30 31 32 ers of densityng,y in the GaN barriers. These carriers

ENERGY (V) will relax to the (In,GaN wells with a relaxation timer,g
establishing a density(;, ga)n N the well. The temporal evo-

FIG. 3. TRPL decay of sample W1a) spectral dependence of . ) o
the PL decay time(b) transient spectra separated by 100 ps. Thelution of these excess carrier densities is governed by the rate

peak at 3.15 eV originates from the well closest to the GaN buffequations
as discussed in the text. The dip of the PL spectra at 2.85 eV is

: d n
spurious. e _ _ _GaN
gt "ean G(t) - (5.0
concentration is sufficiently high to almost entirely screen
the built-in electric field. The highly doped first well, which d _Nean Ngngan  N(in,ca)N
is in principle undesired, may thus even be viewed as an an('”’ea)’\‘_+ Tel T Ty (5.2

advantage: it may serve as a reference for field-free struc-
tures with regard to both transition energy and decay timefFor a Gaussian shaped excitation puBg) with a pulse
Furthermore, this interpretation explains why our singlewidth At, these coupled equations can be solved analytically
quantum well structures, grown under nominally identicalunder the boundary condition of zero excess carriers prior to
conditions as their MQW counterparts, always emit at sigthe excitation pulse. If botAt and 7, are small compared
nificantly higher energy: they simply correspond to the first,to any recombination process in the sample, it can be shown
heavily doped first well of the MQW. In the following, we that the peak PL intensity of the transient is proportional to
will focus on the dominant low-energy peak which repre-7, *. In the present case, both conditions are fulfilled. The
sents the majority of the MQW structure. pulse width is around 400 fs whereas the PL rise time sets an
The high-energy side of this main PL band shifts to theupper limit of 10 ps for the relaxation timesg.
red in the course of timgFig. 3(b)], causing an overall spec-  The radiative decay time is thus proportional to the rise of
tral narrowing of this band. Immediately after the excitationthe spectrally PL transient intensity right after the exciting
the linewidth is about 200 meV but then decreases to abouyiulse[see the transient for sample WiL&K in Fig. 1(b)].
140 meV. These findings are consistent with a progressiv@he constant of proportionality is extracted by assigning an
relaxation of carriers into the states associated with the maiabsolute value forr, at some temperature. We choose the
emission band. value of 7p, at 5 K ashere the decay is monoexponential
We now investigate the temperature dependence of thapart from a very short initial capture process.
radiative decay timer,. Ideally, this value can be extracted  The corresponding values fat(T) are shown in Fig. 4
from the combined measurement of the PL decay timeogether with a fit based on a rate-equation model to the data
7(T)=(1Ur+1r,) ! and the steady-state PL intensity (the model follows the approach originally developed for
e (T)=7p(T)1p(0), with the quantum efficiency thick GaN layer). The radiative decay time is nearly inde-
7p(T)=7p /7, and the nonradiative decay time,. Note  pendent of temperature below 80 K and then increases lin-
that the dynamics of the transients may not be sufficient teearly with temperature. This observation evidences that re-
accurately determine the PL decay time up to room temperasombination at low temperatures is governed by localized
ture. Furthermore, we face bi- or multiexponential decays fofzero-dimensionalstates whereas emission at room tempera-
higher temperatures which are characteristic of capture prdure is dominated by extendétivo-dimensional states.
cesses. Therefore the question arises which value to take for In order to further examine this result we develop a quan-
TpL - titative model for the recombination in the structures under
We circumvent these ambiguities here by noting that thenvestigation. The present model is based on the assumption
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that radiative recombination is possible from either extended YoouN | Ny

states in an ideal quantum weRD states with occupation dn. J’xnx—m + 0N

density n,) or localized state$OD states with occupation —*= b | T Yo Ny=— YeiNy.
density np). Transfer between these two kinds of states is dt 1 Npop 1+Nooy

incorporated by coupling terms. The temporal evolution of + (1+ ayn,)?

the corresponding occupation densities is described for the (5.8

present case of excitonic recombination in the small-signal . -
limit (note the very low excitation fluence of 1 nJcf) by where the small-signal limib,o,<1 has been used, as the
the rate equations maximum excess carrier density in our experiments is

around 16° cm™3,

The effective transition ratg.4= rgﬁl describes the com-
dn,/dt= — yny—bnNg+behy, (5.3 mon radiative transition rate of the whole system. It is easily
seen that this expression mediates between the limiting cases
of Ye— vp for T—=0 and yg— 7y, for T— as well as of
Yeii— ¥x fOr Np—0 and yef— v, for N —o0. Furthermore,

o o . for E,—«~ andE,—0, the value ofy.s approaches,, and
where y, and vy, are radla_tlve recombination coeﬁ_‘lufents. v, respectively. The decay ratg of a free exciton is given
The two other terms describe the captubg) (and emission  py a /T, andy, is independent of temperature. The satisfac-
(be) of localized excitonsNg denotes the density of unoc- tory fit to the data(Fig. 4) yields E,=(22+62) meV, N,
cupied localized states with a total densityNyf= Ng+ n,, of =(3+43)x10°%cm 2, y,=(1.1+0.1) ns !, anda,=(88
localized states available. +20) ns 'K. This localization depth is considerably

First, we consider the equilibrium occupation densitifs smaller than the usually reported valugmore than 100
and nd. The present situation constitutes a classical twomeV).?Itis clear from our model that such a deep localiza-
level systems with stated=) and |b). The former corre- tion would lead to a constant radiative decay time at least up
sponds to an empty localized state with a densl%/while to room temperature. The density of localized st&ﬁgsob-
the latter refers to an occupied localized state with a densit{fined corresponds to an average lateral separation of about

0 . 0 nm of the localized states. This length scale is in agree-
N, Note that the occupied state has a lower energy than threnent with the absence of any lateral ghift of the emisgsion
empty state.

T energy in CL since the lateral resolution in CL is well above
In equilibrium, we have this separation.

dnb/dt=—ybnb+ branF_ benb, (54)

Ng: nge* Eloc /KT nff: N,e~ E, /kT (5.5 VI. CONCLUSION

Summarizing and concluding, the radiative recombination
with the localization energ¥,.., the total effective density from (In,GaN/GaN MQW's was examined. It was demon-
of extended statedl, (Tx3.7x10'° cm 2K™1), and the strated that both compositional fluctuations and electrostatic

exciton binding energ§, (26 me\). fields have to be taken into account for a thorough under-
Using the detailed balance expressh}nSNg: beng, we Standing of the emission from these structures. In the case of
obtain the cross section thin quantum wells with high In content, localization in po-

tential fluctuations governs the recombination whereas elec-
trostatic fields are dominant in the case of thick wells having
_ b, 1 Ep /KT a low In content. If quantum wells in between these limiting
op=7—"=76€ (56) . . :
be Ny cases are considered, one has to take into account the coex
istence of both effects to consistently interpret the results.

for capture of an exciton by a localized state with the local-The influence of the internal electrostatic fields was exam-
ization binding energyfE,=E .~ E,. Note that this defini- ined as a function of the well width. The transition energies

tion of E, is analogous to the binding energy of an excitonand radiative decay times have been shown to be in agree-
localized at a dopant. ment with the quantum-confined Stark effect in these struc-
Second, we consider the dynamic behavior of the systenfures. The temperature dependence of the radiative decay
Here, we assume that capture and emission processes 4f@€ was measured to probe the dimensionality of the sys-
very fast compared to radiative transitions even after excitaleM. For a quantitative understanding, a rate-equation model
tion (be,b,> vy, yy). Henceb,n,Ng~bn,. One obtains an Was utll.lzeql for_ analyzing the data.. For low temperatures,
expression which relates the densityof occupied localized recombination is governed by localized states whereas for

states with the density, of occupied extended states: high temperatures, _ext_ended staftes dominate. This_ analysis
shows that the localization depth in these structures is below
25 meV.
. nXO'bNL
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