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Exciton fine structure in undoped GaN epitaxial films
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We report on photoluminescence experiments on hexagonal GaN epitaxial films grown by hydride and
organometallic vapor phase epitaxy on sapphire aheS8C. At low temperatures we observe free and bound
exciton recombinations, which allow us to establish the free-exciton binding energy and the localization
energies of the excitons bound to neutral donors in undoped films. We demonstrate that the energetic positions
of the excitonic recombination lines depend on the layer thickness and the substrate materials on which the
layer was deposited. The influence of strain on the valence-band splittings can be quantified when observing
the free-exciton transitions onto the different valence bands. The experimental results are compared to a
theoretical calculation using a first-principle total-energy pseudopotential method within the local-density
formalism. We present evidence for the existence of two shallow donors in GaN. One of them most likely
stems from an intrinsic defedtS0163-182806)05223-X]

[. INTRODUCTION of the heavy and light hole valence bands does not apply any
more and the bands are split apart by the crystal-field inter-
Since the first publication of Dinglet al! on the exci- action. There is a general consensus on the fact that the
tonic and impurity related recombination in GaN epitaxial I'gy band is located on top of the valence band giving rise to
films, numerous investigations have focused on the lumithe FX(A) exciton observed in photoluminescen@d.) as
nescing properties of this material without being able tothe free exciton. The FX) and FX(C) excitons arising
present a consistent picture. Excitonic recombination in GaNrom lower I';, and spin orbit split-offl’g,, valence-band
is a well-established fact, however, the scattering of energgtates have rarely been observed in PL so far, but were de-
positions is considerabfe An atlas of luminescence lines tected by absorption, PL-excitatiqfPLE) (Ref. 7), and re-
was compiled by Choyk&but he could not make a critical flexion measurementsThe valence-band parameters, i.e.,
comment as to the results of the published works. Even fothe crystal-field splitting and the spin-orbit coupling con-
very high free carrier densitig@s grown films are usually stants in strain-free samples can be derived from the ener-
n-type conductivi excitonic emission dominates and is be- getic positions of the excitons.
lieved to stem from the annihilation of excitons at neutral GaN epitaxial films are usually grown by organometallic
shallow donors. In most cases, free-exciton emission was neapor phase epitaxfOMVPE) or by molecular beam epi-
observed. When growing GaN on sapphire ét-8iC sub- taxy (MBE). OMVPE samples usually have an exciton line-
strates, the existing very large mismatch relaxes during theidth between 3—4 meV. For MBE-grown layers linewidths
growth, by generating dislocations. Additionally, there is aabove 10 meV are reported, thus making it impossible to
thermal mismatch between substrate and layer caused by thesolve donor-bound exciton®fX) and free excitonsFX),
different thermal expansion coefficients. Therefore, the exciin contrast to epitaxial films grown by the hydride vapor
tonic line positions depend substantially on the layer thickphase epitaxy(HVPE), where the neutral-donor-bound-
ness, i.e., strain decreases significantly with increasingxciton linewidth was as narrow as 1.4 mé&W¥ree-exciton
thickness'~® The energy separation between the heavy, lightemission could also be observed. A similar sample was re-
and spin-orbit-split hole valence bands is very sensitive taently used in Zeeman experiments, thereD{X linewidth
strain, too. was 1.2 meV at 4.2 KRef. 8.
GaN with a wurtzite crystal structure is a direct band-gap The further improvement of OMVPE epitaxial growth us-
semiconductor. The lowest fundamental gap is located at thimg low temperature deposited buffer layers on sapphire and
I" point. Due to the wurtzite crystal structure, the degeneracyH-SiC substrates, now makes it possible to observe free and
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bound excitons simultaneously in PL at low temperatures.
Thus, we are able to study the influence of strain on the D.X
exciton line positiongSec. Il for layers deposited on sap-
phire and on BI-SiC. The observation of free-exciton recom-
bination to theB- andC-valence bands allows us to quantify
the strain-induced valence-band shifec. I\). The experi-
mental values are compared with a theoretical analysis in
Sec. V. In Sec. VI, we present a detailed spectroscopic study
of the neutral-donor bound exciton using temperature depen-
dent PL and PL under applied electrical field. We discuss our
results in Sec. VII and end with a conclusi@®ec. VIII).
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The HVPE sample No. 1 with a GaN layer thickness of
400 um was grown without a buffer layer otrplane sap-
phire. Details of the growth can be found in Ref. 4. The Energy (eV)
OMVPE GaN layers(sample No. 2 and No.)4of 3 um

th|ckn_ess were dep_OS|ted on AN bu.ffers, elthermplang FIG. 1. Photoluminescence spectra of undoped GaN layers
sapphire or on B-SiC. The photoluminescence was excited y,yn by OMVPE on 6i-SiC (a) on sapphirec) and by HVPE on
with the 325 nm line of a HeCd laser. The emission wassapphire substratet). Free-exciton emission with tha-valence

dispersed pa 1 r_ndo_uble monochromatddarrell Ash, the _band [FX(A)] and neutral-donor-bound-excitorD§X) are ob-
f number of which is 8 and detected by standard lock-inserved T=1.5 K).

technique. The spectral resolution was higher than 0.5 meV
at energies around 3.5 eV. The samples were placed in @ént growth and second, the difference in thermal expansion
temperature variable cryostat spanning the range from 1.5 teoefficients. The strain which is due to the lattice mismatch
300 K. is relieved by the generation of misfit dislocations. The
For the electric field dependent PL experiments, four conmaximum shift of theD®X line of 16 meV is explained by a
tacts were soldered onto the sample using a Ga/ln eutectiattice strain of 0.18%strain parallel to the axis). A layer
cum. Current-voltagel(V) measurements exhibited a good of thickness 40Qum is assumed to be strain fr&e.
Ohmic behavior. Electric fields up to 14 V/cm were applied  |n Fig. 1, we compare the luminescence in the excitonic
using a pulse generator and care was taken not to heat up thegion for the HVPE(No. 1) and OMVPE layersNo. 2)
sample by varying the duty cycle. Rise and decay times ofrown on sapphire and orH6SiC (No. 4). In the OMVPE
the optical response on the applied electric field did not exfjms, DX and free-exciton emission appears in comparable
ceed 20 ns. For the electrical PL measurements, the sampdgrength, for the HVPE film the free-exciton line is weaker,
temperature was held constant at 1.5 K. but completely resolvedinewidth is smaller by a factor of
The details of the calorimetric measurements can b@) The energetic positions are listed in Table I. The 400
found in Ref. 9. Here, we give only a short description. Any ;,;m thick layer represents the strain-free case. Fan8thin
absorption of radiation followed by nonradiative transitionsfjims, there is an apparent blueshift or redshift depending on
increase the temperature of the excited medium. The megghether sapphire ort-SiC is used as a substrate material.
surement of the sample temperature as a function of the exn Fig. 2, we collect the results. For comparison, we include
citation wavelength is known as calorimetric absorptionthe corresponding values of a 50m HVPE GaN layer on
spectroscopy, and its sensitivity increases with decreasingpphird and of a 8um thick GaN layer on B-SiC, grown
temperature. Decreasing the temperature down to the mKy the sublimation sandwich techniqtfeunder biaxial com-
range by using @He/*He dilution refrigerator leads to an pression(sapphire substratethe blueshift of the FX4) ex-
extreme sensitivity of the set up. More details about the setjion amounts to~17 meV, whereas under biaxial tension
up and its detection limit can be found in Ref. 9 and refer-gy_gjc substratethe redshift is~10 meV. One also notes

ences therein. that the energetic distance between the free and the neutral-
donor-bound excitonIIQSX) increases from 6.2 meV to 7.2
lll. THE FREE AND NEUTRAL-DONOR-BOUND- meV from thin to thick films.

EXCITON LINE POSITION: EXPERIMENTAL RESULTS

. . . IV. THE FREE-EXCITON TRANSITIONS
Amanoet al® and Naniwaeet al? issued a detailed study

of the influence of the layer thickness and strain ondhe Tensile and compressive strains also modify the valence-
and ay-lattice constants and on the energy positions of théband splittings. It was therefore our aim, using different
neutral-donor bound excitons. There is a significant latticespectroscopic techniques, to resolve and identify free-exciton
mismatch between GaN and sapphire or GaN aHdSEC, transitions onto the different valence-band states. The free-
and there is also a difference in the thermal expansion coekxciton transitions to thB- andC-valence bands in hexago-
ficients of the materials. Amanet al. concluded that by nal compound semiconductors are usually observed using
growing on c-plane sapphire, the films are biaxially com- photoluminescence excitation or in reflection. Here, we ap-
pressedtensile for 64-SiC) originating from first, the coher- plied calorimetric spectroscopy in the mK range. Figure 3
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TABLE |. Energetic positions of the various free and bound exciton lines in GaN a®Aland
6H-SiC epitaxial layer. Temperature was in all cases 1.5 K, the accuracy is better (hdmeV. The values
for sample No. 3 were taken from Ref. 4, for sample No. 5 from Ref. 10.

Samples  Substrate Thickness ¥( FX(B) FX(A) FX(A) DX DSX D; X
in um n=2 n=1
No. 1 Al,O4 400 3.5025 3.4860 3.4995 3.4799 3.4762 3.4727
No. 2 Al,O, 3 35050 3.5162 3.4962 3.4935 3.4900 3.4865
No. 3 Al,O, 50 3.483 3.477
No. 4 &H-SiC 3 3.4905 3.4703 3.4639
No. 5 &H-SiC 80 3.4795 3.4723

shows highly resolved calorimetric absorpti@@AS), calo-  quencyw, of the FX(A) is 3.480 eV, and the damping con-
rimetric transmission(CTS), and calorimetric reflection stantI’, which is a direct measure of the polariton-impurity
(CRS of a 400 um GaN/Al,O; epilayer. Three structures interaction, is 0.65 meV, showing that the quality of the ep-
are clearly resolved in the CRS spectrum and attributed tdayer is relatively good. The longitudinal-transversal split-
the excitons FXA) at 3.4799 eV, FXB) at 3.486 eV, and ting of the excitonw 1, which is proportional to the oscil-
FX(C) at 3.5025 eV, involving holes from th&-, B-, and  lator strength of the exciton, is 0.64 meV. The background
C-valence bands, respectively. The differences of energies dafielectric constank, is 9.7, and the perpendicular compo-
these values represent the splitting of the three valence bandgents of the effective masses of the hole and the electron are
of a strain-free GaN epilayer. A minor structure is detected a0.75m, and 0.23n,, respectively.

3.4995 eV and ascribed to the FXY n=2 exciton. Thus, The free-exciton transitions into theé\-, B-, and
the value of 26.1 meV for the free-exciton binding energyC-valence bands could also be observed by PL for the 400
can be calculatedsee below. Since a reduction of the re- um thick layer. In Fig. 4, we show the details of PL above
flectivity implies an increase of light absorption in the crys-the D°X line on an expanded logarithmic scale. The transi-
tal, which in turn triggers nonradiative processes, the samgéion energies to th&- andC-valence bandémarked in Fig.
structures as in CRS are also seen in the CAS. An additiona with B and C) are in perfect agreement with the CAS
structure in the CAS appears as a dip at 3.4727 eV. It isesults. We identify an additional line as being the BX(
caused by the neutral-donor-bound-exciton absorption im=2 transition. The FXB) and FX(A) n=2 transitiongsee
transmission(the transmission coefficient is nearly zero in Fig. 4(c)] are also seen in the OMVPE lay&see also Table
this range. Thus, the calorimetric detection of the donor-1). The FX(A) n=2 transition, i.e., the exciton in the first
bound-exciton absorption demonstrates the advantage amgicited Rydberg state, is 20.5 meV above the ground
high sensitivity of the CAS technique. The decrease of thetate. This is 3/4 of the binding energy in the effective-mass
CAS signal at the spectral position of tB€X line implies a  approximation. The free-exciton binding energy is hence cal-
decrease of the phonon emission rate and, therefore, an eflated to be 26 0.5 meV. For GaN on B-SiC the
hanced radiative relaxation. The addition of the CTS, CRSEX(A) n=2 and FXB) were not observable in PL, how-
and CAS shows that in this sample the quantum efficiencies

of the donor-bound exciton and of the free exciton are 50%

and 25%, respectively. In the inset of Fig. 3, the reflectivity 05 toT T |I=X(B)I FIX ( C)' '
loop of the FX(A) is fitted by a polariton modét From the ; :
best fit, we obtain the following parameters: The eigenfre- 04t FX(A)@ FXQ: .

n=2 :
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FIG. 3. Calorimetric absorptioCAS), reflection (CRS, and
FIG. 2. Energetic positions of the center of gravity of the transmission(CTS) spectra of the 40Qum thick HVPE GaN/
neutral-donor-bound and free exciton as a function of layer thicksapphire layerT=45 mK). In the inset, a fit to the reflection spec-
ness for GaN layer deposited on sapphire aHdBC substrates.  tra of the FEQ) exciton is showr(for details see text
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Colag=1.628(1.626, with the experimental values given in
parentheses. The calculations for the biaxially strained crys-
tal in the (0001 plane were carried out as follows. For a
given lattice constard corresponding to the in-plane strain
€=(a—ap)/ay, we obtained the values af andu by the
total-energy minimization method. Then, the band structure
was computed for the optimized geometry. The spin-orbit
interactions were taken into account nonperturbatively
through the relativistic pseudopotentials. The details of these
calculations will be published elsewhefeHere, we focus

on the energy gap and on the valence-band maximum at the
I' point. In the absence of the spin-orbit interaction, the top
of the valence band is split into twofold- and single-

. a degenerated stateFg and I';, respectively. The arrange-
350 351 352 353 ment of these levels depends on the biaxial strain in the
system. We found out that for compressive as well as for
tensile biaxial strain up to 0.25%, theg lies above the

_ ) _ ) I';. For larger tensile straing(>0.25%), the order of these
FIG. 4. High spectral resolution photoluminescence in the enerayels is reversed with thE, state lying higher. The energy
getic region above the neutral-donor-bound exciton line. Transitiongpmting between these two levels is induced by the hexago-

t?t t:le :O\t/vetrrB;1 ai;dr?-\;atlﬁgcex bl?nr?ls arle mdmate)dhz'/t;eézf_lex_- nal symmetry of the wurtzite structure, this is why it is called
crieg state fransition o exciton is also seerta "M the crystal-field splittingA,, (Acr=sr6—srl). The strain

(b) OMVPE layer T=1.5 K).
dependence of tha ., for €, between—2% and 2% can be

ever, the FXA) n=2 transition was seen in PLE. The free- described by the relatiof,(e) ~A(0) + ay €, where the
exciton binding energy coincides with GaN on sapphire. Therystal-field splittingA.(0) without strain is 0.035 eV, and
identification of the free-exciton transition is primarily, but the linear coefficientr, is —9 eV. The spin-orbit interaction
not only based on the comparison with reflectivity measuresplits the twofold-degenerated stdfg, in such a manner
ments(see abovb We also Carefu”y studied the temperature that the top of the valence band consists of three levels with
dependence of the luminescence lines and deduced an acdergiesec, eg, €a, With ex>e€g>ec. The energy gaps
vation energy for theA exciton (26-1 meV), which is in  between these levels and the conduction-band bottgyp,
agreement with the experimental results, which stipulate thatamelyE,=e¢,,— ¢, with (I=A,B,C), as a function of the
the FX(A) n=2 state is 20 meV above the found ground biaxial straine, are depicted in Fig. 5. In the case of un-

GaN / Sapphire

PL Intensity (arb. units)

3.49
Energy (eV)

3.47 3.48

state. Moreover, with an increase in temperature, the charastrained GaN, we obtainga=¢g—e5 = —0.008 eV, and
teristic Maxwell-line shapes develop for all free-exciton eca=ec—ea = —0.043 eV for the valence-band splittings.
lines. Further details together with results from luminescencdhe computed values ofga and ec, agree fairly well
excitation measurements will be reported in Ref. 12. with our experimental values, namelyg, = —0.006
(—0.006 eV,?! and ecp = —0.022 eV (-0.018 eV,
V. THEORETICAL CALCULATION OF THE —0.027 eV (Ref. 21, with experimental values taken from
STRAIN-INDUCED SHIFT OF THE VALENCE BANDS the literature given in parenthesis. Without strain, the ana-
AND COMPARISON WITH EXPERIMENT Iytical solutions of the effective mass Hamiltonian at fhe

point?? give the following energy levels:
We treat the strain-induced shift of the three valence

bands with respect to the conduction band as follows. Our Ei=A,+A,, (0]
calculations are based on the first-principles total-energy

pseudopotential method within the local-density-functional A=A (Ag— A2+ 8A3
formalism®™® We used norm-conserving separable Ezs= 5 , 2

pseudopotentiat and a preconditioned conjugate gradient

algorithm™ for minimizing the total crystal energy, with re- where A, and A; are spin-orbit coupling constants. Using
spect to electronic as well as ionic degrees of freedom. Thesgomputed values of the splittings;, andec and crystal-
pseudopotentials guarantee that the kinetic energy cutoff dield splitting paramete ., from the calculation without the

62 Ry, used in this calculation, gives very good convergencépin-orbit interaction, we have founkl, andA; to be equal

of the total energy. The set of 14 special potfis used to  0.005 eV and 0.007 eV, respectively. For low biaxial strain
performk-space integrations. The semicore Ghedectrons  (between—1% and 1%, the changes of the fundamental
are treated as part of the frozen core, but their considerabkenergy gap with the straie can be described by the follow-
overlap with the valence electrons is accounted for by ining relation,Ey.{€)) =E 3{0)+ be . The value of the co-
cluding the nonlinear core exchange-correlation correction. efficientb obtained from the theoretical calculations is equal
This procedure increases the transferability of the pseudopde —5.5 eV for < 0.25%, and—13 eV for > 0.25%.
tentials and yields lattice constants that agree very well withThis change of the slope is connected to the crossing of the
experiment. The computed lattice constants for GaN in thd'g andI'; levels with tensile strain, as discussed above. On
wurtzite phase area,=3.174 A (3.189 A (Ref. 18, the basis of our experiments for compressive strain, we es-
Co=5.169 A(5.185 A (Ref. 18, u=0.377(0.377 (Ref. 19,  tablished the value db to be —8.2 eV for the compressive
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which yields for GaN on sapphirg =0.2% and for GaN on
6H-SiC ¢/=0.07%.

VI. DONOR-BOUND EXCITONS

The nature of the defects causingtype conductivity in
undoped GaN epitaxial films is still not sure yet. Following

recent theoretical arguments, native defects as well as extrin-
sic impurities are believed to be respons#fié?’ The nitro-
gen vacancies or the gallium interstitials are the prime can-
didates for intrinsic defects, they should induce a shallow
effective-mass-type state in GaN. The extrinsic defects intro-
ducing shallow donor levels could come from the group VI
elements on group V site. Oxygen would be one candidate.

L. 1 e From the group IV elements, the Si on Ga site is a very
05 00 05 1.0 1.5 efficient donor dopant.

Strain g, (%) The neutral-donor-bound exciton recombination is 6—7

meV lower in energy compared to the FX) transition(see

Fig. 2 and Table)l It is its localization energysee Table ),
and in many semiconductors there is a well-defined propor-
tionality to the respective donor binding energy, (
. . ) . _ =aEp) named Haynes ruf® Based on our measurements
strain region and-13 eV for the tensile strain region. The 4t the electron cyclotron resonance in OMVPE GEREf.
agreement with the theoretical value is good taking into aCp9), which gave a mass ah* =0.22m, (polaron mass an
count that, first, in thg experiment Fhe values of the strain,gtimation of the binding energy of the effective-mass type
were not measured directly, but estimated from the thermajonor was possible. Using a static dielectric constant of
expansion coefficients, second, that we performed standard_ 9.7, one obtain&€p=31.7-1 meV.

local-density approximation calculations and that there even |1 ~omes as a surprise that under high spectral resolution,
the small changes of the self-energies with strain can have e qdonor-bound exciton line was not a single line; clearly

impact?® The deformation potentid for the biaxial strain is two transitions can be seen, separated by approximately 3

much smaller than the computed deformation potential fop,e\/ This observation is not specific to the OMVPE layers,
the hydrostatic pressure,=AEg,/ej=—24.7 eV [it

but occurs also in the 40@m thick HVPE films. The tran-
corresponds t@=AEy,,/(AV/V) = —8 eV, whereAV/V  gjiiong could arise from two independent donor-bound exci-
= 2 €+ ¢, ] Itis connected to the fact that the strain in the o, jines, this means that also two shallow donors should
(000]) direction €, obtained from the minimization of the eyist in GaN. It is also possible that the excited states of
total energy has always the same sign as the in-plane straifiher the donor or the exciton are observed. The observation
€| for the hydrostatic pressure, whereas in the case of biaxiglf the excited state of the donor is less likely because the

FIG. 5. Energy shifts of thé\-, B- and C-valence band as a
function of strain as calculated theoreticalfpr details see text

straine, ande, differ in sign.

energy separation should be 3/4 of the effective Rydberg,

In order to calculate the thermally induced strain, we asj e, 3/4 of 31.7 meV. An excited state of the neutral-donor-
sume that at growth temperature the epitaxial layer is repound exciton may account for the high energy line. The
laxed, i.e.,aep=as,5=a. We consider only the linear ther- hossibility that they arise from donor-bound excitons involv-

mal expansion coefficierfs wgu=5.59x10"° 1/K,
apn-sic=4.8X107° 1/K, andagappnire 7.5% 107° 1/K in the
equation a=ag(1+aAT). Using e,=(asyp—aep)/
ag,p, We obtain for a temperature differencefot = 1000 K,

_ (asup— agan AT

Exx— T+ ag AT (g~ @can)AT, 3

ing the A- and B-valence bands can be ruled out, since the
energetic distance betweénhandB bands is=9 meV for
sample No. 2. It was, therefore, our interest to gain more
spectroscopic information for which PL measurements under
applied electrical field were performed. Free electrons are
created under band to band excitation; they can be acceler-
ated in the electrical field within the contact distance. The
gain in energy in the electrical field is used to impact ionize

TABLE Il. The binding and localization energies of the various recombination centers together with the
corresponding dissociation processes for GaN ogQAlwith 3 wm thickness.

Recombination Binding / Localization Transition Dissociation
center energy in meV energy process
FX 26.7+0.5 Ey— Eex FX—e+h
DX 2.7£05 Eg— (Epx+ @Epy) DIX—DJ+FX
DX 6.2+0.5 Ey— (Erx+aEpy) DIX—DJ+FX
D5 X 6.2+0.5 Eg— (Ep2+ ¢Epy) D;X—DjJ +FX
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FIG. 8. Temperature-dependent photoluminescence measure-
FIG. 6. High-resolution photoluminescen¢® of a OMVPE  ments which show two neutral-donor-bound exciton transitions and
GaN layer on sapphire. The free-exciton line and two neutralthe free-exciton lind OMVPE GaN on sapphide
donor-bound-exciton lines are resolved. They are seen in electrical
f!eld modulated luminescence as a decrease and an increase, resp@Sisitions in the donor-bound exciton range for different
tively (T=1.5 K). voltages. At low fields, the high energy transition becomes
stronger, at 6 V/cm both transitions have equal intensities
free or bound excitons or neutral donors. If the free-excitorand at fields of 12 V/cm the line at the lower energy is
binding energy is high compared to the localization energystrongest. This provides the first evidence for two individual
of excitons at the impurities, the impact ionization will create donor-bound excitons. The one with the smaller localization
free excitons, dissociating bound excitons. The absence (gnergy(mgh energy ||n¢ will be ionized, due to the impact
deviation of thel-V curve from linear regime under impact process at lower fields. In order to confirm the results, we
ionization suggests that bound exciton states are dissociateflidied the PL in the temperature range between 1.5 K and
into the free exciton and neutral-donor states. This is 0b20 K (Fig. 8). In the temperature dependent measurements,
served in the experiment. In Fig. 6, we compare the PL speahe decrease in line intensitthe thermal activation eneryy
trum of sample No. 2 with the optically detected impact ion-js again a measure of the localization energy. It comes as no
ization (ODII) spectrum(changes of PL under electrical field surprise that the high energy transition decreases more rap-
synchronously detectgdin the ODII spectrum the free ex- idly in intensity; at 20 K only the low energy transition and
citon appears as an increase, the donor-bound exciton transfre free exciton can be seen. If we assume that both lines are
tions are quenched by the electrical field and are hence seg@aused by exciton excited states, thermalization should result
as a decrease. In Fig. 7, we show the evolution of the twon equal intensities at higher temperatures. Based on these
observations, we can now accurately determine the localiza-
tion energies, the energetic distances to the free exciton. We

i obtain(2.7 + 0.1) meV and(6.2 = 0.1) meV and label them

5 MM DX and D9X, respectively. At energies below the donor-

D bound excitons, i.e., at 3.4865 eV for the OMVPE sample on

E 4 V/em sapphire, an additional transition was seen. [{95+0.5

_g 6 V/cm meV below the free-exciton FX) transition, and attributed

o as outlined below to the exciton bound to an ionized donor

= 8 V/cm (D;)-

o

@

L VII. DISCUSSION

(&)

= 10 V/cm The past four years have brought a tremendous break-

8 through in the quality of GaN epitaxial films. The free carrier

i concentration in undoped films now reaches values around
: '4' —— '4 : : ; 5% 10' cm~2 and less, and mobilities at helium tempera-
3.48 3.49 350 85 tures of 4000 cré/(V s) are achievablé® The optical prop-

Energy (eV) erties were improved considerably as well, allowing for the

observation of free-exciton excited states for the first time.

FIG. 7. Electrical field-modulated photoluminescence for differ- The information obtained can now be used to quantify and
ent fields applied T=1.5 K). verify important parameters of the semiconductor GaN, such
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as free-exciton blndlng energies, localization energies of EXLLJA B and ILLL‘ g are the reduced masses for theand B ex-
citons bound to impurities, electron and hole effectivecitons perpendicular and parallel to theaxis, respectively.
masses. It is also possible to see thatrtgpe conductivity  Only the electron effective mass is known from the experi-
might not be linked to one “omnipresent” residual donor ment, hencenl| andmy cannot be calculated from the exci-
only. The scatter in the data, with respect to energetic poSigy pinding energy. From the CAS experiments, we obtained
tions of excitons, is now understood and ascribed to the 'nfn;ﬁh=0.75mo andm?* =0.22m, (polaron masses

flui_r;]ce Og stralr(_layerft?mknes)s. bination involvi In earlier investigations on the properties of donor-bound
e observation of free-exciton recombination INVolving g, vitons - |ocalization energies between 6 and 7 meV and

the B- and C-valence bands offered the possibility to quan- 4onor binding energies from 30 to 40 meV have been

tify the influence of strain caused by the difference in theryon,te? For the effective-mass value, we calculate 31.7
mal expansion coefficients of GaN and the sapphire su eV

strate. In the relaxed films from the energetic distance, the A'single description of the localization energy of the
value for the crystal field and spin-orbit splitting could be
calculj;xtedl. One obtamA=l 11 meV for .th.e crystal field and Hayne’s rule’® It means that for the localization energy of
for x=17 meV. In thin films, the splittings betweeh t0 6" axciton, with respect to the binding energy of the impu-
B, andB to C bands are different. There is consistency be'rity (Ep for the donors,E, for the acceptods a constant

tween the absolute value of the strain using the line positiongytio is found. In a semiempirical theory, Halstedt and
of the A andB excitons as done in this work and measure-averd? derived for the ratios the following result

ments of the change of the lattice constants enda direc-  , — E_/Ep=0.2 andB=E, /E,=0.1, in line with the work

tion as shown in Refs. 4-6. One may wonder why the retom Hopfield However, Hayne's rule does not always ap-
combination to the deeper valence bands can be observedpé}g,_ CdTe is an example where it holds for the donors

all. Usually the photogenerated holes relax very quickly<a=0.245, but for the neutral-acceptor-bound excitofis

&vithli:r)](ﬂcosec.c;na)stohtheldtolp of the valel_r:ce band, i.e., or:Ly ranges between 0.05 and 0.13. We assume @3at with
e FX(A) exciton should luminesce. However, since eE|_=6.2 meV is connected with the effective-mass-type do-

energetic distances betweeA- and B-, and A- and 5 ot 31 7 mev and the proportionality constant is 0.195.
C-valence bands are much smaller than the optical phonon The value for the donor binding energy of 31.7 meV is

energy(the LO phonon energy '5.92 meMhe r_elz_ixa_tu_)n of also consistent with the recombination energy of the ionized-
the p_hotogenerated holes by opthal ph°”°?‘ is inhibited. Re onor-bound exciton. As can be read from Table Il its tran-
laxation can thus only proceed via acoustical phonons anaition occurs aE,— (Ep+ «Ep) compared to the neutral-
obviously there is a bottleneck. The energy relaxation time, |~ o~ 0 & o gnergyDﬁ “(E et aEp) . If we

; ; ; B FX D) -
due to acoustical phonons is much longer than due to optic ssume that the localization engrgyE(D) is the same, the
ones and could be compar.able to or even longer .than thB*X line is lower in energy by the difference betweEpg
lifetimes of theB- and C-exciton state$the FX(A) exciton andE gy, in agreement with the experimental results.

has a 20 ps decay time at 1.5 (Ref. 30]. Under such One may wonder why in thick strain-free films the local-

conditions, one could expect to detect the recombinatiorilzation energy amounts to 7.2 meV instead of 6.2 meV. We
from B- andC-exciton states. Time-resolved experiments are, ;i oq a small difference in the free-exciton binding ener-

planned to further address this point. gies (26.1 meV to 26.7 me)/ which obviously reflects the

a déjiﬁg]%h??rsg-ﬁceig)cnpk;)iii(;ii?]g ang;gyfr%vbeegg:i%g ?grdthemodification of the valence-band structure under strain
band-gap energies: 3.523 eV fe3xm thin films on sap- (change in hole masseand the difference of 1 meV can

. ) . probably be attributed to strain effects.
]Pimse’(dsfgfs me;/ Oﬁ)ra:hgiétrglzg;ezvsample and for the thin A point we want to discuss further is the neutral-donor-
= /.L - . .

= bound exciton which has a localization energy of 3.7 meV in
In principle, the electron and hole masses can be CaICLEample No. 1 and 2.7 meV in sample No. 2. Assuming that

lated from the free-exciton binding energy. In hex"’uélon""lHayne’s rule holds results in a corresponding donor binding

crystals with anisotropy of the dielectric constant and theenergy of 19 meV and 14 meV, respectively. It would mean

effective electron and hole masses, this analysis is discuss%q : : - :
. : ’ X : at instead of a negative central cell shideepening of the
in detail by Flohreret al:*! The corresponding effective Ry- 9 fideepening

level, as it is usually the case, when going from a light ele-

impurity-bound excitons is usually looked for in terms of

dbergR; is ment to the heavier element in the same row of the Periodic
4 Table, one has a positive central cell shift.
= €Ki ' (4) A shallow statglocalized inr spacg induced by the Cou-
2h%e? lomb potential of a deep resonance state in the conduction

_ , band could have a positive central cell shift. Thus, B
wheree is Jeje, andp; is related to the electron and hole |j,o oy arise from a donor which is of intrinsic origin,

masses by e.g., theN vacancy ¥/y) or the Ga interstitia(Ga;).24~%"
1 21 1e 1 1

—_— =t — :—+—, i:A,B, 5

wi 3ui 3eu Mo ©) VIIl. CONCLUSION
1 21 1 e Free and impurity-bound exciton recombinations were
—=c—0+=—, =e,A,B. 6 studied in hexagonal undoped GaN films differing in layer
m 3 mf‘ 3 GHmi ! ( )

thickness. Transition energies strongly depend on the sub-
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strate materials used and on the layer thickness, which refle@a; and Sis, could be the source af-type conductivity in
the influence of the residual strain due to differences in theryngoped GaN films.

mal expansion coefficients between layers and substrates.
We quantify this relation both experimentally and theoreti-
cally. The free-exciton binding energy as well as the energy
gaps for thin and thick layers are obtained with very high We thank the D.F.G. for financial support and Al.L. Efros
accuracy. We demonstrate that two shallow donors aréor his comments on many details of the excitons in semi-
present in undoped films based on the observation of twaonductors. D. Kovalev acknowledges the support of the
neutral-donor-bound exciton lines. We speculate thator  Alexander von Humboldt Foundation.
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