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Temperature-varied photoluminescence and magnetospectroscopy study of near-band-edge
emissions in GaN
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Near-band-edge emissions from wurtzite GaN films grown on sapphire by metalorganic chemical vapor
deposition have been studied by temperature-varied photoluminescence and magnetospectroscopy. Free-
exciton emissions of th& band (FE) andB band (FE) as well as the neutral donor-bound excitd@?®(X)
emission were identified. An extensive temperature-varied study of the donor-bound exciton emission shows
that at low temperatured & 25 K) the main channel of thermal dissociation of tie(X) complex is through
the release of a free exciton with thermal activation energy very close to the exciton binding energy. A
temperature-varied study of the strong bound-exciton emission at 11.7 meV below thied-dicates that
this complex dissociates through the release of a free exciton. We present arguments that due to the character
of its temperature decay, this emission cannot originate from an ionized donor-bound exzitox) ( An
exciton bound to a shallow acceptoh{ X) is a likely candidate for this emission. A magnetospectroscopy
study with magnetic field varied up © T allows us to identify the first excited std@S state of the A-band
free exciton at 3.5035 eME2Z) o— (ELD) o= 18.3+0.4 meV]. Using the Aldrich-Bajaj potential to account for
electron-phonon interaction in GaN, we performed a variational calculation of the binding energies for an
A-band free-exciton groundef: ,=24.81+0.52meV) and first excitedEZ;,=6.51+0.12 meV) state. By
matching the calculated values with experimentally determined energy separation between these states, we
obtain theA-band hole nonpolaron mass; = 0.52+0.04.
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[. INTRODUCTION pected to dissociate thermally, while free-exciton emission
should persist due to the large binding enefg25 me\) of
GaN and related materials and structures have been intefree excitons in GaN. Neutral donor-bound excitd’(X)
sively studied with remarkable breakthroughs in the growthemission is one of the dominant emissions in GaN at low
of these materials and device applications in recent years. temperatures. The dissociation of tH2°(X) center can pro-
PhotoluminescendéL) and other optical spectroscopy tech- ceed via the release of a free exciton, a free electron, or
niques have been employed as important methods to invegyger nonradiative recombinatidf,depending on the ratio

tigate these materials for quality control, impurity identifica- ¢ axciton binding energy Ei)(ind) and exciton localization

tion, native structural defects characterization, ternary X . ; .
composition determination, and so on. Because of the ”mitgnergy Eiod). Since the GaN is a strong emitter due to the

in the material quality produced so far, PL emission Iine—dIreCt band gap a_nd strong binding _between electron and
widths in GaN are usually not sufficiently narrow to detecthc’le' the_nonradlanve Aug(_er process 1 gxpgcted to compete
effects such ag-j coupling and Zeeman splitting, which poorly with the strong radiative recgmbmatlc_)n only. F.rom
would help in a positive identification of the new lines. In the tempe;ature dependence of tiz"(X) PL intensity, it
some cases, broad linewidths prevent the observation of rel¥¢as found’ that the decay of a shallow donor-bound exciton
tively weak emissions altogether. Residual compressivéS & two-channel process with activation energiest4L5nd
strain of thin(a few um) GaN films results in an energy shift 32=2 meV corresponding to exciton localization energy and
of optical transitions and thus renders useless classificatioghallow donor binding energy, respectively. Exciton local-
of transitions just by their energy positions. However, recenization energy determined from the temperature study is thus
improvements in the quality of epitaxial GaN films have fa- ~40% lower than the corresponding localization energy de-
cilitated the detection of new near-band-edge emissions artgérmined from PL data. Recently, there have been reports on
fine structure§*° the emission from excitons bound to ionized doAérs
To identify the origin of some optical transitions in GaN, (D*,X) in GaN. The ability of an ionized center to bind an
we conducted a detailed temperature, magnetospectroscomxciton depends on the ratio of the electron and hole masses
and excitation power PL study on a number of doped andr. (D*,X) complex is stable for materials with valueswof
undoped GaN films in this paper. Usually, with increasingless than some critical value;icy- If the mass ratio is
temperature, excitons bound to shallow impurities are exhigher than the critical value, the complex is not stable due
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to the small hole binding energy. Variational calculations of TABLE I. Sample information—GaN epitaxial layer character-
Skettrup, Suffczynski, and Gorzkowskiand Rotenberg and istics.
Stein'® predicto ey to be 0.426 and 0.45, respectively. The
electron effective mass is relatively well established in GaN,
whereas for the hole effective mass there is a rather bi
spread in reported values. Recent publications reported O.
(Ref. 20 <m<0.236 (Ref. 21 and 0.4(Ref. 22 <m, 1 3.3um Si <102
<0.752% Thus the currently available estimate of electron- 2 2.0 um undoped <1052
hole mass ratio 0.200<0.59 is not conclusive with respect 3 1.8 um Si 2.53<10'8
to the o iica Criterion. For comparison, we should note that 4 2.0 um Si 6.27 10
in direct wurtzite materials where the ionized donor-bound 5 1.9 um undoped 3.810%
exciton complex has been identifid€dS?* CdSe®® and _ —
ZnO (Ref. 26] the o ratio is below 0.24. aSar.nples no. 1 ar?d no. 2 are hlghly resistive. An upper rang_e \(vas

A temperature-dependent PL study can give a valuablee,St'matEd according to the Hall instrumental measurement limita-
insight into the stability of the®*,X) center. There are two
most likely channels of thermal dissociation_ of tr2 (,X) which models the electron-hole interacticend obtain the
complex: through the release of a free exciton and throug alue of the heavy-hole mass.
the release of a hole. If the dissociation proceeds through the
release of a free exciton, the activation energy of this process
should be equal to the exciton localization energy onQfie
center, which can be precisely determined from the PL spec- The experimental GaN samples were grown (6001
trum. In materials where the binding energy of the hole tosapphire, coated with a thi-200 A) GaN buffer, by met-
the neutral donor is sufficiently weak, a break off of the holealorganic chemical vapor depositighl OCVD) technology.
may be energetically more favorable than a break off of aAll the GaN films with thickness ranging from 1.8 toian,
free exciton. The prevailing mechanism would depend on theindoped or Si-doped, are transparent and have mirrorlike
donor ionization energy, exciton binding energy, and ionizedsurface. Sample information, including epilayer thickness,
donor localization energy. Knowing these parameters, ondoping type, and carrier concentration are listed in Table I.
can make a reasonably accurate prediction for the dissoci&arrier concentrations were determined by Hall-Vander
tion channel and its thermal activation energy, and compar®auw measurements at room temperature. The Si-doped
this prediction with activation energy determined from thefilms generally resulted in-type characteristics with carrier
PL intensity temperature study of th®{,X) line. concentrations  of n~10"*~10"cm 3. Undoped GaN

In our GaN films, free-excitoFE) and bound-exciton samples showed a lowertype carrier concentration ai
(BE) emissions are well resolved and exciton localization~10"-10*cm™3. But some epitaxial layers were highly re-
energies can be precisely determined. Determination of theistive and the carrier concentrations in these samples were
free-exciton binding energy is less straightforward and usunot measured. Because these samples are of a high purity, we
ally requires knowledge of the band gap from reflectancéelieve that high resistivity is due to the low concentration of
measurements. An alternative way to measure the bindingnpurities rather than a high level of compensation.
energy is to identify the first excited staf2S state of the PhotoluminescencéPL) spectra were obtained using the
free exciton. The first excited state of FBas been recently 325-nm line of a cw He-Cd laser witkh500-uW excitation
predicated by Shaat al?’ in a photoreflectancéPR) study  power focused to-300 um resulting in~0.5-W/cnt exci-
and by Volmet al?® in PL spectra. Transition energy was tation power density. Samples were cooled to liquid-helium
used as a primary criterion in identifying th&2tate. These temperatures in a variable temperatte5—300 K liquid-
authors calculated the RBbinding energy using the Cou- helium cryostat with optical access. The PL signal was dis-
lomb potential approximation and obtained#21 meV (Ref. ~ persed by a 0.85-m double spectrometer, and detected by a
27) and 26.7-0.5meV?Z This is a rather large discrepancy cooled S-20 photomultiplier tube operating in the photon-
considering that in both studies the GaN epilayer was growgounting mode.
on sapphire by metalorganic chemical vapor deposition to Magnetospectroscopy measurements were carried out in a
the thickness of a fewum, so that both epilayers can be superconducting magnet cryostat in Faraday geometry with
considered equally strained. Therefore, this discrepancinagnetic field varying from Oot9 T and samples cooled to
might come from the incorrect identification of th& 2tate.  liquid-helium temperatures.

In this paper, we employed magnetospectroscopy to iden-
tify the first excited state of FE Since the excited excitonic Ill. EXPERIMENTAL RESULTS
states have much larger diamagnetic shifts than the ground
state, one can positively identify theSXtate directly from
magneto-PL spectra. Using experimental data for the energy Figure 1 shows the low-temperatufeT) photolumines-
separation between the ground and the first excited states, wence of a Si-doped GaN filisample no. I, measured at 10
perform a variational calculation on the free-exciton bindingand 27.5 K, respectively. The PL spectrum is dominated by
energy in the approximation of the Aldrich-B&&potential  three narrow linewidth peaks in the near-band-edge region.

Carrier concentration
Thickness (300 K)
mple no. (pm) Doping n (cm 3

Il. EXPERIMENT

A. Si-doped GaN epilayer andl y emission
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single transition. This allows an accurate study of the rela-

G aIN/s a‘p phi;e I‘x T ( An,XI) 'FEAZS ' _tionship of intensity versus temperature and excitation power
MOCYVD 34735eV|1-LO0  3458ev] 3.5035¢V in these_samples. _
3.382¢V | { The line labeled y is located 12 meV below the free-
©°. %) FE,-LO exciton line FE . It is very strong at low temperature and is
> 33936V x15 observed only in some of our samples. A strong LO-phonon
Sample 1 / replica is also observed at 3.382 éM-LO in the inset of
T=10K Fig. 1. The intensity ratio of the no-phonon line to phonon

replica emission is-50 in all of our samples in which this
emission is present. With increasing temperature, both the
zero-phonon line and the phonon replica of tlkeemission
reduce their intensity drastically and disappear completely
beyond 60 K. Based upon the temperature dependence of the
x1 Ix line, its narrow linewidth(~4.0 me\j, high oscillator
strength, and energy position just below #édand free ex-
citon and O°,X) transitions, we conclude that this emission,
I, originates from a bound-exciton complex. The nature of
this PL line will be further discussed later. The line labeled
(A% X) at 3.458 eV is located 27 meV below the free-exciton
line FE,. This line has been previously assigned to the ex-
citons bound to a neutral Mg accepfSrThe line labeled
FEA-LO at ~3.40 eV is a one-phonon assisted emission of
the A-band free exciton. Its line shape is asymmetric with an
extended high-energy shoulder and intensity maximum
' somewhat above the energy= Ere,~EL0=3.393eV. This
FIG. 1. Low-temperature PL spectra of a lightly Si-doped line shape reflects the Maxwellian energy distribution of free
MOCVD-grown GaN sample no. 1. Bound-exciton emissions ateXcitons with their kinetic energy measured relative to the
3.479 and 3.4735 eV markedly reduce their PL intensity as théXxciton band minimum. The line shape of the,FEO emis-
temperature is raised from 10 to 27.5 K due to thermal dissociationsion is contrasted to the line shape of tgelLO line, which
Dashed lines represent the fit with Gaussian line shagetted is inhomogeneously broadened and has the same line shape
lines). The inset shows a strong phonon replica ofithemissionat  as the no-phonon emission at 3.473 eV. This is consistent
3.382 eV, and a transition at 3.5035 eV due to the first excited statevith the assignment of thig, emission to the bound exciton
of the free excitonA band. complex since excitons bound to impurities do not have
kinetic-energy homogeneous broadening.

As the temperature is raised, two low-energy emissions, Other emissions present in this sample include shallow
(3.4735 and 3.4790 é\Vdecrease in their PL intensity sig- donor-acceptor-paifDAP) recombination with a no-phonon

. . : o line at 3.28 eV and deep-level yellow emission centered
nificantly relative to two high-energy emissio(&4852 and i )
3.4932 ye\) but the peakgenergygéositionsf%f these 1Eouraround 2.2 eMnot shown here The intensity of deep-level

bands are almost unchanged. When the temperature exceeé-’aﬂ'sd DAP emissions was stronger in high-resistivity samples

60 K, two low-energy emissions are quenched while twogghtl :Sn ((j 2 (ba“zledgéldeei'i‘gg 1\?\2/)eackopml_p %ﬁi;&?ﬁﬁe
high-energy ones stay and vary following the band-ga band edgé deep level '

o . AP and deep-level emissions compared to the near-band-
variation with the temperaturédata not shown hejeWe o446 emissions indicates the low concentration of deep-level
therefore assign high-energy lines at 3.4852 and 3.4935 e\rfnpurities and a high sample quality.

to A-band andB-band free-exciton transitions, respectively,
and low-energy lines to bound-exciton complexes, respec-
tively. The energy separation between thendB free ex-
citon in our sample is 8 meV, consistent with other To address the problem of exciton binding energy in GaN,
studie$”?° of thin (severalum) GaN epilayers grown on we have conducted a magnetospectroscopy study of the near-
sapphire. The line labeled EEat 3.5035 eV, shown in the band-edge emissions. Figure 2 shows the low-temperature
inset of the figure, is 200 times weaker than the like and  PL spectrum of sample no.@ndoped GaNin a semiloga-

can be observed at low temperatures and in very high-qualityithmic scale at different magnetic field in Faraday geometry
samples only. The origin of this line will be discussed later.(magnetic field is parallel to the laser excitatignvectop.

The peak at 3.4790 eV is assigned to the shall@®¥,X) We do not observe Zeeman splitting in any of the near-band-
transition. We measured the shallow donor localization enedge emissions which is consistent with magnetospectros-
ergy in this sample to be 6.2 meV, in agreement with thecopy studies done by other groups dd%(X) (Ref. 6 and
values reported in the literatufé3 All near-band-edge lines FE (Ref. 31) emissions. There is also no observable diamag-
can be reasonably well fitted with Gaussians, which indicatesetic shift in any excitonic emissions except for the emission
that each of these lines is an inhomogeneously broadenddbeled Fi (n=2). Indeed, the value of the diamagnetic

PL Intensity

3.46 3.47 3.48 3.49 3.50
Photon Energy (eV)

B. Magnetophotoluminescence spectroscopy
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Wavelength (A) diative decay can be expressed in terms of the radiative tran-

1585 1570 3555 4540 3525 sition rateWg and temperaturé’
T T T T T T T T3
Sample 2 4 _ I(T) — 1 (1)
T=10K T~ 1(0) s E |’
4 _X X —_
| Bll¢,ELB FEAIS ] : WR e KT
3.485 eV ] ) . - )
L . FE,®  FE (=) ] where 7 is the luminescence efficiency, is a temperature-
] | ©x) B 7 2,506 oV E independent constarg, is the activation energy ath chan-
L e nel of nonradiative decay, anid0) andI(T) are the inte-
EY: g grated PL intensity ta0 K and T>0 K, respectively.
gL or 1 In this work, we consider one- and two-channel models of
£ nonradiative decay for bound-exciton complexes. In the case
= i ] of one channel of nonradiative decay, Et) becomes
6T 1 1
3 3 n= E 2
4T 1+C X exg —
E 3 ! kT
8 2T ] For two channels of nonradiative decay, it is
3504 V! 0T 1
L N 1 . ] . 1 1 1 - 1
3.450 3.465 3.480 3.495 3510 7= E, AR €)
Photon Energy (eV) 1+Cy X eX%ﬁ +C2XEX[{ k_T)
FIG. 2. PL spectra of sample no. 2 at different magnetic fields in hereC. = o /
the Faraday configuration. Only emission at 3.504 eV exhibits avheret; = w; We. )
diamagnetic shift and thus is identified as the 2 state of FE. Flgure 3 S_hOWS the tegnperature dep_endence of the inte-
Calculated diamagnetic shifts are shown for ti& 2S, 2P,, and ~ 9drated intensity for the@",X) andly emission from four
2P, states of theA-band exciton. GaN films. As shown, the temperature dependence of the

(D%X) emission in samples no. 3, no. 4, and no. 5 is well

shift for the exciton around state is expected to be smal escribed with the two-channel dissociation model of Eg.
9 P 3). The thermal activation enerdy; of the (D% X) emis-

compared to the emission linewidths. However, the excito Lion from all samples is in excellent agreeméntthin 0.3

in the first excited state is expected to be more strongly in'me\/) with the enerav of the exciton localization enerav de-
fluenced by the magnetic field due to the larger exciton ra; 9y 9y

dius ~60 A (compared to-30 A for the ground staje In- termined optically(see Table I)i. In GaN, the exciton local-

. . . 0 .
deed, we calculated the diamagnetic shift according tézatlon energy(~6 meV) for the (D°,X) complex is much

e2B2(|W|2)/(8eyc?) for 1S and 25 and 2P stated of the smaller than the free-exciton binding energyEj(y

A-band exciton. The results of our calculation are shown in~ 22 MeV) and the shallow donor binding enef@ mev

Fig. 2. The emission energy of the line at 3.504 eV had Ref. 34]. Therefore, it is reasonable to conclude that the
shifted up~2 meV, consistent with our calculation for the release of a free exciton is the dominant channel of thermal

; ot 0
n=2 states. On the other hand, the Flbie at 3.485 eV is dissociation for the D”,X) complex at low temperatures

unaffected by magnetic field, also consistent with our caIcu(T$25.K) in GaN. . L
lation. With increasing magnetic field, the=2 state splits At higher temperatures, a new thermal dissociation chan-

into SandP states. This splitting contributes to the broaden-"€! With activation e_nerg;Ezz_Zi_S meV (see Table )l is
ing of the observed emission at higher fields. However, thi€!€arly observed. This dissociation channel may be due to

0 . . .
splitting is too small to resolve in our samples. Thus, weth® decay of the@”,X) complex via simultaneous exciton

identify this emission as the first excited state of fband delocalizati)t(m an?( exciton dissociatiwith activation en-
exciton. To confirm our assignment of thé& Zransition at  €'9Y E2=Epingt Eioc=30 meV. Alternatively, a neutral do-
3.504 eV, we estimate the binding energy of fhband free  NOr ionization process, with activation enerdy,=Ep
exciton in the Coulomb potential approximation to be =29 meV, may also affect the PL intensity of thBYX)
4[Ere(1S)— Epe(2S)]=24.4 meV, consistent with the re- €mission, since it reduces _the number of the neutral—donor
sults obtained using other methods in recent literadtité. centers to which photoexcited excitons can bind from the
(D°,X) complex!” A detailed study of the exciton kinetics is
required to determine which of these two channels governs
IV. THEORETICAL ANALYSIS AND DISCUSSION the temperature dependence of thB°(X) emission at
higher temperatures.
The temperature dependence of theemission is well fit
The functional form of the temperature dependence of thdy the one-activation energy Arrhenius formdlg. (2)].
PL emission intensity with one or more channels of nonra-The thermal dissociation energy of thg emission is mea-

A. Photoluminescence intensity analysis

125211-4



TEMPERATURE-VARIED PHOTOLUMINESCENCE AND. .. PHYSICAL REVIEW B3 125211

TABLE II. Theoretical fitting results for the integrated intensity
versus temperature fog and (D° X) emissions with Eqs(2) and
(3), respectively. Exciton localization energy for each emisgas
termined optically is given for comparison.

50 20 10 5
T T T

4 Sample no. EmissionE; (meV) E, (meV) C; C, Ej

(meV)

1 I 10.3 374 11.7

3 (D%,X) 6.2 33 91 7836 6.2

| i 4 (D%,X) 5.9 28 67 2072 6.2
: ] 5 (D%,X) 6.2 24 136 8964 6.0

since the separation between the first and second valence
bands(~8 meV) is relatively small. Since the Aldrich-Bajaj

Integrated PL Intensity

O Sample 3, (D°X) potential uses the effective-mass approximation, we assume
©  Sample 4, (D X) ] that these effects are included in the value of the hole effec-
A Sample 5, (D'X) 1 tive mass. Thus the parameters that determine the exciton
¢ Sample L, I, 1 binding energy are the effective masses of the eleatnn

fits 4 and the holen} and the dielectric constant in the optieal

; ] and staticeq limits. Since the dispersion and electron effec-
ST T Y TS Y S SO NP R tive mass are rather well established for gallium nitride, we
CER T e 1/135 0TS0 can determine the effective hole mass by varying it to fit our
¢ experimental data. We take the nonpolaron electron effective
FIG. 3. Temperature dependence of integrated PL intensity omassmj =0.2, which corresponds to the electron polaron
(D X) emission(samples no. 3, no. 4, and no.&ndly emission  massmf=0.22 measured recently by cyclotron resonaiice.
(sample no. 1 Fits with Eq.(2) (sample no. land Eq.(3) (samples  Static and optical dielectric constants are takers@s 9.5
no. 3, no. 4, and no.)sare shown with solid lines. In the experi- ande  =5.35, respectivel§® The variational calculation was
mental temperature range, the thermal dissociation of%X) is  carried out for both ground and first excited states. From the
well described by a two-channel process, wheilgasomplex dis- oy herimentally determined difference in the binding energy
assgmat_es jchrough one channel. Plots are displaced vertically f(gf 1S and S states, we have solved the following transcen-
easier viewing. dental equation for the effective hole mas} :

sured to be 10.3 meV, see Table II. This activation energy is ELS (mi)—EZS (m{)=18.30.4 meV. (4)
consistent with the energy position of theemission, which
is 11.7 meV below the free-exciton emission JF& 3.485 For the hole nonpolaron effective mass, we obtaif

eV. Thus the detailed temperature study confirms the assign= 9 52+0.04. The corresponding polaron hole massnfs
_mg_nt tOf ”t"he'?_eTriSSiO” as a btotjrsd-excitotn complex5and=0_59t 0.045. For the exciton binding energy, we obtain
aftged 1S _ 2s _
:2) Ifr?eeriainamlgch:nii)rfi?mi?n?al Egggcrgggi (rjf this com—Ebi”d_ 24.81+0.52 meV ancEjng—6.51+0.12 meV for the
] X ground and excited state, respectively. Binding energy of the
plex is the release of a free exciton. exciton in a ground state calculated with the Coulomb poten-
tial for the determined hole polaron mass is 24.1 meV. Thus
B. Polaron effects the electron-phonon interaction results in an increase of the
binding energy by 0.7 meV, which is roughly 3% of the

In polar _materials, a charged particle interacts stronglysq,jomp potential value. The corresponding increase in the
with the lattice, therefore the polaron effect should be takerbinding energy for the first excited state is 0.5 meV. The

gtoNaccouSt. Thte_: potla(rjo? rzdlulszlfor anelAectron an?_ thOI%: olaron effect is smaller for theRstate due to the larger
ali can be estimated 1o be an » FESPECUVELY. istance between the electron and hole for the exciton ex-

gxcnon radius in GaN is 3.1 A. S”.“:e the sum of polaron rad”cited state and therefore the reduced interaction between the
is comparable to the exciton radius, we expect that electronsiactron and hole through the exchange of phonons. There-

phor)on interact.ion has a significant effect on the exCiFonfore, the Coulomb potential provides a rather accurate ap-
binding energy in GaN. It can be §hown that the Interaction, . imation for GaN when used with polaron masses of
between an electron and a hole via an exchange of longit lectrons and holes

dinal optical phonons results in an increase of the exciton
binding energy. To calculate the exciton binding energy tak-
ing into account the electron-phonon interaction, we have
performed a variational calculation with the electron-hole in- Recently, there have been several reports of emission lo-
teraction described by the Aldrich-B&j&potential. The ef- cated at~12 meV below the first free-exciton line. This

fects of band mixing are expected to be important in GaNemission was assigned to the neutral acceptor-bound exciton

C. Origin of the |y emission
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(A% X) by Pakulaet al,®” Kawakamiet al,?® and Grandjean ton and strongly argues against the ionized donor-bound ex-

et al®® and to the ionized donor-bound excitod (,X) by ~ Citon model for thelx emission. _ _
Reynoldset al” and Santicet al® In our sample no. 1 and Let us further examine other possible candidates that may

sample no. 2, an emission labeledis observed at 11.7 meV be t[espons;bltladfor théy em|§S|0||’1, ftor "-.‘X?ET‘P'? n(;autra(la ac-
below FE,. Because of their nearly identical spectral posi—cep or, neutral donor, or an ISoelectronic ttamized accep

tion relative to the Fk line and the presence of the charac- tor cannot bind an exciton in GaNIf 1y emission were
L . gp . related to a neutral donor, we would have been able to see it
teristic strong LO-phonon repliét® we believe that the

- : . . . Iin samples with various carrier concentrations, just like
e.m|SS|onIX observed in our samples is identical to the em's'(DO,X) emission at 3.479 eV. On the contrary, we and other
sions reported by the above groups. author§?%38 observe strongy emission in samples with

Let us consider the stability of the ionized donor-bound,q\yer than average carrier concentrations. For our samples, it
exciton complex. As mentioned earlier, t2 {,X) complex  ig ynjikely that thel x emission is related to a donor element
is more stable in materials with a smaller ratio of the electronpat is present only in our high resistivity samples since these
and hole effective mass=m,/my,. This can be understood samples were grown in a particularly clean environment. It is
qualitatively by noting that in thel{ ", X) complex, the elec- also unlikely thatly is due to an exciton bound to a deep
tron is tightly bound to the positively charged donor, which donor, since strong lattice interaction favors nonradiative de-
makes the hole effectively see a neutral center'(e).  cay through lattice relaxation, whereég emission is the
Since holes with smaller mass have larger kinetic energystrongest at low temperatures.
they can overcome the weak attractive potential of the neu- We note that thdy emission is presented exclusively in
tral donor more easily. Therefore, keeping the hole bound taigh-resistivity or slightlyn-type samples. This is consistent
the donor is a weak link in the stability of th®(",X) com-  with the model of an exciton bound to a neutral shallow
plex. In our study, we determined the ratio of electron andacceptor since in samples with high electron concentrations,
hole polaron massesr=mf/mf=0.22 (Ref. 20 /0.589 holes are minority carriers and the shallow acceptor levels
=0.374. We can estimate the hole binding energy forare predominantly ionized and therefore cannot bind an ex-
(D*,X) in GaN using the calculation of Skettrup, Suffczyn- citon. As was mentioned earlier, thg emission is marked
ski, and GorzkowsRkF with the help of the plot in Fig. 1 in by the strong LO-phonon replica, whereas tB& (X) emis-
their report. To find an upper limit for the hole binding en- sion at 3.479 eV does not have a strong phonon replica in our
ergy, we take an electron-hole mass ratioef 0.3, which is  samples. This is also consistent with the acceptor model of
more favorable to the stability of théd(",X) complex. With  the I line since acceptor levels are deeper than shallow
shallow donor binding energliy=29 meV>* we obtain the donor levels and therefore have stronger coupling with the
hole binding energ¥,,~0.3 meV(in the Coulomb potential lattice. Table Il shows that paramet@r for the Iy emission
approximation used by Skettrup, Suffczynski, andis about three to six times larger than that for tHz°(X)
Gorzkowski®). As was mentioned earlier, in polar semicon- emission. This is likely to be primarily a result of the differ-
ductors the electron-phonon interaction can increase thence between radiative lifetimes o&{,X) and (O°X) com-
binding energy of an electron and a hole. However, in theplexes sinceC;=w;/Wg. Smithet al3® have measured the
case of the D™, X) complex, the hole is far removed from radiative lifetime of the neutral acceptor-bound excitdy, (
the donor, whereas the electron is tightly bound to it. Using=25 meV) to ber=450 ps, which is 4.5 times longer than
the calculation by Skettrup, Suffczynski, and Gorzkowki, the lifetime of the D°,X) line 3 Since the radiative lifetime
we estimate the expectation value of the distance betweesf the bound exciton scales with its binding energy, we can
the electron and the hole and between the hole and the donestimate the lifetime of our, emission using a plot given by
to be~120 A for ¢=0.3. Since the sum of the polaron radii Smith et al*° of the radiative lifetime of the A°,X) emis-
for electrons and holes is only20 A, the effect of the sion versus transition energy. Thus we ggi~ 300 ps for
electron-phonon interaction on th®{,X) binding energy thely— (A° X) emission at 3.473 eV. ThedC,X) radiative
should be much less significant than that on the free-excitofifetime has been measured by Chenal®® to be T(DO.x)
binding energy. Using the result of our calculation for the =130 ps. Neglecting the difference in;, we can obtain
correction of the free-exciton binding energy due to theT(Aoyx)/T(DO’X):3OO ps/130 ps2.3. This is in qualitative
electron-phonon interactiof0.7 meV for the B statg, we  agreement with the fitting results in Table II. Therefore, it is
obtain an upper limit of the hole binding energy in the reasonable to believe that the neutral acceptor—bound-
(D7,X) center to be 1 meV. exciton model forly emission is the one most consistent

We measured the exciton localization energy forlthéo  with our data.
be 12 meV. Since the hole binding energy is so small com-
pared to the exciton localization energy, the energy of the V. CONCLUSION
hole removal determines the thermal dissociation energy of
the (D", X) complex. In other words, the lowest-energy ther- In summary, we have conducted a systematic study of
mal dissociation should proceed via the loss of a hole witmear-band-edge emissions in high-quality GaN epitaxial
activation energy E;<1meV. On the contrary, our films grown on sapphire. FE1S and 25) and FE(1S)
temperature-varied measurements show that the decay of tlenissions and several bound-exciton emissions are identi-
Iy emission is a single channel process with an activatioriied. Extensive temperature-varied study shows that at tem-
energyE,=10.3meV. This indicates the release of an exci-peraturesT<25K, the shallow neutral donor-bound exciton
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complex dissociates through the release of a free exciton. Agxciton complex belongs to a shallow neutral acceptor. Mag-
higher temperatures T&25K), the second dissociation netospectroscopy study allows us to reliably identify the
mechanism with activation ener@,=28 meV becomes im- emission due to the first excited state of tAeband free
portant. This process may include exciton breakup and/oexciton. Using the Aldrich-Bajaj potential to model the
donor ionization. A transition located at12 meV below the electron-hole interaction in polar semiconductors, we per-
first free exciton is investigated. Thermal activation energyformed a variational calculation of free-exciton binding en-
of this bound-exciton emission witlE,.=11.7meV is ergy in the ground and first excited states. Comparing the
found to be 10.3 meV, and it also indicates that the mairresults of the calculation with our experimental data, we
channel of dissociation for this complex is the release of dave determined the polaron and nonpolaron hole effective
free exciton. Our stability analysis of th®(,X) complexin  massesnf=0.59+0.045 andm; =0.52+0.04, respectively.
GaN indicates that it should proceed with significantly
smaller activation energy through the release of a free hole.
Therefore, we resolve the uncertainty on the origin of this
emission and conclude that this complex cannot originate We acknowledge Dr. K. K. Bajaj, Dr. D. J. Wolford, Dr.
from an ionized donor. It is suggested that this boundd. Ferguson, and I. N. Krivorotov for helpful discussions.
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