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Defect-related optical transitions in GaN
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Sub-band-gap absorption of GaN grown by metal-organic chemical vapor deposition on sapphire was in-
vestigated by photothermal deflection spectroso®yS, transmission measurements, and the constant pho-
tocurrent methodCPM). We determine acceptor binding energies in undoped GaN at 220 and about 720 meV.
A comparison between absorption and CPM spectra yields the dependence of the quantum efficiency-mobility-
lifetime-product(nu7) versus energy and gives relevant information about the excitation mechanisms. CPM
spectra show a significantly smaller absorptfap to a factor of 1/1pin the range between 3.0 and 3.3 eV as
compared to PDS. This indicates that the majority of carriers excited with these photon energies have a
relatively smallur product and thus do not contribute to the externally detected photocurrent. We propose
that in this energy range the spectrum is dominated by interband absorption in isolated cubic-phase crystallites
in the hexagonal matrix and by excitation of electrons from occupied acceptors into the conduction band of the
main hexagonal crystal modificatidh-GaN). Temperature-dependent photoluminescence measurements, ex-
cited with energies below and above the direct band gap of hexagonal GaN, confirm this interpretation and can
be correlated with the subgap absorption detected by PDS. Transient photocurrent measurements show a
persistent photoconductivity, which can also be explained by the existence of isolated cubic-phase inclusions.
[S0163-182696)08048-4

[. INTRODUCTION arcsec. Contributions due to cubic inclusions are below the
detection limit of approximately 1 vol %.

In spite of recent successful developments in electfonic The total absorption coefficient is measured using photo-
and optoelectronfc® devices based on GaN, neither the den-thermal deflection spectroscopy. In our PDS experiments a
sity nor the microscopic origin of defects in this material is monochromatic light beanichopped at 17 Hzilluminates
well understood so far. Future projects will focus on increasthe GaN film(thicknessd) immersed in a transparent liquid
ing the lifetime and mobility of carriers or minimizing para- with a strongly temperature-dependent index of refraction
sitical sub-band-gap absorptions in GaN devices. Various de¥(T). Part of the energy absorbed in the GaN diffuses back
fect spectroscopy methods can provide importantinto the liquid and creates a temperature gradient and a cor-
contributions to this task. Low-temperature photolumines+esponding refractive index gradient close to the sample sur-
cence measuremefitd! have most commonly been em- face. A He-Ne laser beam probes this gradiennaind is
ployed since the early 1970s to systematically study radia-thus deflectedA¢) periodically with the chopping frequency
tive transitions related to deep defects. More recentlypf the pump light. Ap(hv) is measured by a position-
photoemission capacitance transient spectrostomieep- sensitive detector connected to a lock-in amplifier and can be
level transient spectroscopyand electron spin resonartte expressed %%
were also used to obtain further information on defect states
in the gap of GaN. In addition to these techniques, subgap Ag(hv)csn/ST @ hy(1-R)(1—e *™d) (1)

absorption  studies with  photothermal  deflection . L
spectroscopy (PDS and the constant photothermal where® is the incident photon fluxyv the photon energyR

method®~*®(CPM) are also excellent methods for the inves- t_r:)en rgg':?g.”et%’togtt?heeS.ﬁ?g;tsugsfoeﬁ Zﬁg:v) ﬂ']l'eh'zbs:)c:p';jes
tigation of gap states. Here, we present results from PD§6'l er se:qsl,'t' o methcl)d flor megs fing the gyb al apbsg: tion
CPM, and photoluminescend®L), Raman, and electrical very v uring ubgap pt

measurements, which altogether give a consistent picture &oefﬂment in thin GaN films:
defect-related optical transitions in GaN. a(hv)= —In[1—const< A g(hv)/dhv]/d. 7
In the limit of strong band-to-band absorption wittfhv)d
greater than 1 the PDS signghpc Ao (hv)/®hy satu-

The GaN samples were grown by metal-organic chemicatates because all the incident light is absorbed by the GaN
vapor depositiotMOCVD) on c-plane sapphire using trieth- film. At this energy rangéhv>3.4 eV, for GaN no infor-
ylgallium (TEG) and ammonia at substrate temperatures ofnmation about the absorption coefficient can be obtained from
950 °C1® To improve the structural properties of the films, a PDS. However, with the known thickness of the film, the
20-nm-thick GaN buffer layer was grown at 530 °C. X-ray onset of saturation can be used to determine the absolute
diffraction measurements were employed to characterize thabsorption coefficient without the necessity for additional
crystal quality. The epitaxial films show a full width at half calibration. Thus, PDS spectra show the absolute value for
maximum(FWHM) of the rocking curve002 refley of 300  a(hv) in the subgap energy randevr<3.4 eV (for GaN).

II. SAMPLE PREPARATION AND EXPERIMENTS
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PDS experiments can be used to detect all transitions that
absorb light and lead to nonradiative recombination. Since
even in excellent semiconductor materials the quantum effi-
ciency for radiative recombination at room temperature does
not exceed a few percent, typically more than 90% of the

absorbed energy is left to be detected by PDS.

In contrast to the PDS method described above, the con- ALO.E
stant photocurrent method is only sensitive to absorption 2737
processes, which generate mobile carriers. In a CPM mea-
surement, the photocurrejtpy, is kept constant by suitable
adjustment of the incident photon fluk for different hy.

The measured photocurrejpy, can be expressed as

GaNE,

ALO;E,

Intensity

/" GaN A, (LO)

const= jcpyrenur®(1-R)(1-e “M™IHE,  (3) GaN A, (TO)
wheree is the elementary chargey, the quantum efficiency \
for optical generation of a mobile charge carrigrr the

mobility-lifetime product, ancE the applied electrical field.

By keeping the photocurrent constant, the quasi-Fermi-level :

position and therefore the occupation of defects in the gap — cubic GaN E (TO)
remains unchanged over the entire spectral range. In this case —
the lifetime 7 should be constant. An effective absorption 450 500 550 600 650 700 750 800
coefficientacpy can then be deduced from the constant pho- Raman shift (cm™)

tocurrent via the relation

FIG. 1. Raman spectra of adm-thick GaN film measured at
acpm(hv)o—In(1—const/®) 4 room temperature. The dashed line indicates where the transverse
optical mode should occur in cubic GaN.
and for const<1:

For photoluminescence measurements, the samples are
mounted in a continuous flow cryostat. The temperature can
In generalacpy depends omu(hv) and may differ signifi- be varied from 5 to 300 K. As an excitation light source two
cantly from« as determined, e.g., by PDS. different UV lines of an AF laser(363.8 nm=3.41 eV and

In undoped GaN(n-type’ no~107 cm 9, the Fermi 333.6 nm=3.72 eVj were used. The luminescence light was

1 e )

level is close to the conduction band and both the dark curdeétécted with a 0.8-m double monochromator and a photo-

rent and the photocurrent are dominated by electron trandnultiplier. _
port. Thereforej cpy is NOt sensitive to optical transitions,  @man measurements were performed using the 488-nm

which do not lead to mobile electrons in the conduction/in€ of an Ar" laser(200 mW in backscattering geometry.
band. Excitation of carriers into final states with recombina-1 "€ Scattered light was analyzed with a 0.8-m triple mono-
tion lifetimes much shorter than the lifetimes of the free car-chromator and a charge-coupled device camera. For macro-
riers, or excitation in regions with low mobilitysuch as SCOPIC measurements, the spot size was about480in
surface or interface regionglso do not contribute to the diameter. For micro-Raman measurements, the laser was fo-
detected photocurrent. Photogenerated excitons that are rig¢Sed through the objective of a microscope to a spot size of
separated into free carriers are an additional absorption cha9 #m-. With both configurations several spectra were re-
nel not seen by CPM. As a result, the true absorption coefc0rded, all showing the same features.
ficient « determined by PDS is expected to excegrg,, at
any given photon energy. lll. RESULTS AND DISCUSSION

The dependence of the meagr value on the incident
photon energy hv can be obtained from the ratio g

acpm(hv)xconst/®. (5)

Figure 1 shows a Raman spectrum of amh-thick GaN
IS m. The well documented Raman modes of G@Ref. 22
@cpm/=pPDs and of the sapphire substrate are detected with a good signal-
_ to-noise ratio. The dashed line indicates the energy position
= _ _ a(hv)d ’
Seodhv) =A¢(hv)/Phv(1-R)(1-e ) ) Ofthe transverse optical mode in cubic G&%$5 cnY). The
absence of any detectable signal indicates that the corre-

nureconstd[(1-R)(1—e” “M9]7, (3)  sponding film consists to more than 99% of hexagonal GaN.
Using (1'), (3'), and(5), we obtain Note, however, that in general x-ray diffraction measure-
ments and Raman scattering are not sensitive enough to de-
nut(hv) = acpy(hv)/Sppgd hv). (6) tect cubic phase inclusions of less than 1 vol % in typical
h-GaN films.

A comparison of both measurement techniques performed on Figure 2 shows the absorption coefficienteasured by
the same samples therefore yields the dependengaobn  PDS and CPM versus energsolid line) of this sample on a
energy and gives additional information about optical exci-logarithmic scale. To complement the PDS and CPM spectra
tation mechanisms in GaN. in Fig. 2, the absorption was also determined from transmis-
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FIG. 2. Absorption coefficientr vs energy(solid) of a 1-.um- FIG. 3. A typical PL spectruntsolid line) for interband excita-

thick GaN film, on a logarithmic scale. To complement the PDStion (E.,.=3.72 e\). The second spectrurfdashedl shows a PL
and CPM spectra, the absorption was also determined from transpectrum for 100 times higher excitation intensity. For excitation
mission measurementhiv>3 eV). The inset shows the ratio of photon energies below the band gap.(=3.41 eV}, L; andL,
acpym and Sppg on a logarithmic scale. This expression is propor- completely dominate the photoluminescerselid line, lower pait
tional to pur and depends on the number of mobile carriers per

absorbed photon. electron lifetime. This requires an additional, distinct recom-

bination channel and cannot be ruled out. A third explanation

sion measurements above 3 eV. The transmission and POS that surface or interface-related defect absorption domi-
results fora are in good agreement over about one order ohatesa at theses photon energies. In surface regions, a higher
magnitude. The result of the corresponding CPM measuredefect density leads to lower mobility and carrier lifetime
ment (dashed curveis scaled to thex obtained from PDS and thus quenches the photocurrent. The energetic position
and transmission at high energiesand acpy agree nicely of the minimum around 3.30 eV, in comparison with the
in the photon energy range between 3.3 and 3.4 eV, as exptical band gap at 3.42 eV, points to a transition from an
pected for band-to-band transitions. occupied acceptorH,=120 meV at room temperatyrato

The inset in Fig. 2 showacpy/Spps* 77 0N a logarith-  the conduction band, or from an occupied acceptor into a
mic scale. This quantity depends on the number of mobilevacant shallow donafEp+E,=120 meV,Ep<20 meV, at
carriers per absorbed photon. The observed features of theom temperatupe This would correlate with donor-
ratio were found to be independent of the particular value oficceptor-pair transition€DAP) pair transitions at 3.25-3.3
icpm chosen. For photon energies above the direct gap, agV, which commonly are observed in low-temperature pho-
almost constant and highur value is obtained. The shoul- toluminescence measure- mehfs23242The creation of
der at 3.20 eV indicates electronic transitions from acceptordeeply bound excitons would be another absorption channel
(Ea=Egap—3.2 V=220 meV into the conduction band. with a low 7u7 product of the corresponding photocurrent.
This transition takes place in the bulk material since the penThe most probable creation path of such deeply bound exci-
etration depth is nearly equal to the thickness of the sampldons is via localization of free excitons. The optical cross

A particularly interesting energy range is around 3.30 eV section for the direct excitation of these excitons by sub-
where the ratio shows a local minimum. This indicates aband-gap photon energies should be negligible.
noticeably decreasegur product for the excited electrons. A dominant structure in the low-energy part of thgr
For a decreased mobility, the final state of the optical spectrum is a broad peak centered around 2.7 eV. This points
transition should be localized, with a low thermal activationto a density distribution of deep acceptqs,=3.42-2.7
probability into the conduction band at room temperatureeV=0.72 e\}. Such deep acceptors are commonly believed
This explanation requires the existence of unoccupied statds be the origin of the “yellow luminescence®.
well below the conduction band. Since the Fermi level of this We now compare the absorption features to photolumi-
sample is determined to be around 20 meV beligyy which  nescence results of the same samples. A typical PL spectrum
is typical for as-prepared GaN material, this scenario igs shown in Fig. 3(solid line) for band-to-band excitation
rather unlikely. Another possibility would be a shorter life- (E¢=3.72 €\). It is dominated by the bound exciton tran-
time 7 of the excited electrons in comparison with the free-sition DyX (3.468 eVJ. The two weak lined; andL, at
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FIG. 4. Photoluminescence measurements made on GaN
samples with two thickness€8.2 um: dashed, 1.4um: solid, both 10*4
on a 20-nm low-temperature GaN buffer laygrown under the ]
same deposition conditions.
3.369 and 3.313 eV were recently assigned to deeply bound 103 4
excitons in structurally distributed regidri®r to near-band- ]
gap emissioff in cubic GaN. In factL, and L, consist of ~
more than one single line. The respective intensity depends =
R ; S . 5,42
on excitation intensity and excitation wavelength, which lead =10
to changed lines shapes for different experimental setups. As g
detailed below we believe that in our case cubic inclusions in Z
a hexagonal matrix, probably caused by stacking fatlitse § ;
indeed the dominant origin for these PL lines. = 1073
The structure in the PL spectra occurring between 3.0 and =
3.28 eV is generally labeled as DARNd DAR transitions
with two LO-phonon replica. A second spectrum including 1004
L,,L, and the DAP’s is also shown in Fig. 3 for a 100 times
higher pump intensity. We observe a distinct increase in the
relative photoluminescence intensitieslgfandL,. Finally,
for excitation photon energies below the band gap-@aN 107! e Raaaasa e Raaaana e
(Eexe=3.41 eV}, L, andL, completely dominate the pho- 315 320 325 330 335 340
toluminescence. In fact the quantum efficiency (b) Energy (eV)
np(=emitted photons/absorbed photpngor L; (Eeye
=3.41 eV} is about 5 times higher thafp,_for the DX with FIG. 5. The results of temperature-dependent PL measurements

excitation atEq,.=3.72 eV. This is an important observation are shown vs energa) interband excitation(b) subband excita-
suggesting thak; andL, excitation does not require inter- tion]. The dots(b) indicate the temperature-dependent band gap of
band transitions in the hexagonal phase, but supports neasubic GaN according to Ref. 31.

band-gap emission from cubic material as the origin of these

lines. of the thin sample indicates an enhanced DAP luminescence,

In ordgr to determine which transitions contribute to thewhere the region of excitation is near the buffer layer. One
structure in the subgap absorption spectra at room tempera-

ture (Fig. 2, more PL measurements were performed. Figur ossible explanation is a higher concentration of the relevant

. ck.?fects in the perturbed buffer region. The lower integral
4 shows photoluminescence measurements made on Gah tolumin nce is probabl db higher concen
samples with two thickness€8.2 and 1.4um) grown under photoluminescence 1S probably caused by a higher concen-

equivalent conditions. Both are grown on the same 20-nmiration of deep nonradiative defects. Thus the DAP transi-

thick low-temperature GaN buffer layer. The penetrationions in the buffer region are expected to contribute to sub-
depth of the excitation laser is below 100 nm. The spectrun@@P absorption without a noticeable creation of mobile



room temperature. The DARand DAR, positions shift to
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with radiative recombination excited above and below the hexago- .
nal band gap, botlyur at 295 K and two photoluminescence spec- cubic
tra are shown over the same energy range. The solid line, fitting the slow (4) T2 EGaN:
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band states with a Fermi level 46 meV abdyg. CB QF—_
EE - - 9443 -=----—"
@; |
carriers. In the PL spectrum of the thicker sample is ter-band | very
clearly visible. g];:;;p?i%n o | fast(3)
Temperature-dependent measurements of @mithick 1) : :
GaN sample are shown in Figgaband 8b). The DAPR, and !
DAP, luminescencéFig. 5a)] is quenched with an activa- :
tion energy of approximately 160 meV and is not visible at r 9_;
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FIG. 8. Transient photoconductivity measurement performed on
GaN. (b) Model for persistent photoconductivity.
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higher energies with increasing temperat(8&285 eV at 200
K). This is in agreement with observations made by other
groups>?® The quenching points to thermal ionization of the
donors(initial stateg or thermal occupation of the acceptors
(final stateg As a result, the optical excitation from occu-
pied acceptors into the conduction band or into shallow do-
nors in bulk GaN is expected to contribute in photocurrent
measurements at room temperature.

The intensity of the_; andL, transitions also decreases
with higher temperaturefig. 5b)], but can easily be ob-
served with sub-band-gap excitation energies up to 275 K.
At room temperature near-band-gap luminescence of the
hexagonal GaN dominates the photoluminescence and cov-
ers these lines. An excitation of this near-band-gap lumines-

FIG. 7. Model summarizing the discussed mechanism of subcence becomes possible because the band-gap energy of hex-

band-gap absorption.

agonal GaN3.42 eV at 300 Kcomes close to the excitation
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energy of 3.41 eV for higher temperatures. The energy posimodel is presented summarizing the discussed mechanism of
tions of L, and L, clearly show a decrease similar to the sub-band-gap absorption.

temperature-induced gap reduction. The dots in the figure More support for the existence of cubic inclusions in
indicate the temperature-dependent band gap of cubic bulk-GaN and their relevance for the electronic properties of

GaN according to Ref. 30, which is about 65 meV lower thanthis material is shown in Fig.(8), which depicts a transient
L,. This discrepancy is discussed later. photoconductivity measurement performed on the same

Thus the DAR, DAP,, andL,L, transitions can be ex- Sample. Similar observations have already been described in

pected to participate in room-temperature defect absorptioR€f- 33. Att=0, monochromatic light320 nm) is switched

below 3.35 eV. In particular band transitions in cubic crys-On o llluminate the sample su_rface _betwe_en two coplanar

tallites with a large optical cross section for excitation ener-oﬁrgr'ﬁycfgt:(;ia-gg?uf;tggn;ﬂre'?e: f\évth?nﬂigi (ff?es:a;st 002
ies below the hexagonal ban i i . . ) :

g 9 d gap are a suitable explanati e light is switched off and the current drops slowly. The

:g;iinflgtr:\gﬁ Jg(‘;vier: t\r/1a:a|uhegxcggo2;I3rf§trs<v\;vi'tsr1u;r:acr:;:rlcgadecay time of th_is persistent'phqtoqonductivity is d.etermined
. . . 0 about 60 s. Since the carrier lifetimes observed in GaN are
provide a sink for electrons and are thus negatively chargecsemw 1 ns, these long time constants cannot be explained by
The corresponding band bending results in a potential barrigto g ction-band transitions in hexagonal GaN. Such fast
and separates the electrons in the cubic part from the hexpansitions may cause an additional part of the photoconduc-
agonal matrix. A macroscopically detected current is thereyjyity relaxation, which is not resolved on this time scale. We
fore not influenced by optical transitions in cubic inclusions.pelieve that spatial carrier separation, which is also observed
On the other hand the electrons and holes are spatially cofn other I11-V material system&! is the reason for the per-
fined and(radiative recombination is very effective. sistent photoconductivity. In Fig.(B) our model is used to

In order to demonstrate the correlation between the optigive a possible explanation: Interband absorption at room
cal sub-band-gap absorption and radiative recombination exemperature creates a certain density of free carfiecs
cited above and below the hexagonal band gap, ppth at  (1)]. Some of the free carriers diffuse to cubic crystallites. In
295 K (calculated as discussed befoand photolumines- n-type GaN(E.—Eg~20 meV), these cubic inclusions be-
cence spectra are shown in Fig. 6 over the same energyome negatively charged provided that the lower conduction-
range. The PL spectra are in agreement with the band gaps bind minimum inc-GaN [ E.(cubig<E(hexagonal by at
cubic®3! and hexagondt GaN at room temperature. The least 66 meW20+46 meV]. Whereas electrons are repelled
slightly higher emission energy for the subgap-excited lumi{Ed. (2')] from the resulting potential barrier, the holes are
nescence in comparison to the band-gap energy given in Redttracted and trapped in the cubic crystalfi. (2)] with a
30 (3.244 eV at 275 K can be explained by band filling typical time constant of4;). Here, as the Fermi level is in
effects. The luminescence peak can easily be fitgadid e conéjucu?gn band, a large concentration of free electrons
line) by a Fermi-level position 46 meV above the cubic (5% 10® cm™) lead to very fast recombinatid<1 ns, Eq.
conduction-band edg.29 e}, assuming band-to-band re- (3)]. As a result the number of electrons in the isolated cubic
combination. Integration up to 46 meV over a parabolic dis-Part is decreased and the remaining electron in the hexagonal

tribution density of states assuming a relative effective masghatrix can contribute to the current because of its long life-
of 0.23m, vyield an electron concentration of tme.(No hole is left for recombinatiop After several elec-

5x 10! cm3. Using this explanation, the origin of; trons have been removed from the cubic crystallite by this
which occurs only at low temperatures, is not clear. RecommMechanism, the potential barrier is decreased and the elec-
bination of a free electroh-GaN with a hole bound to the (ron capture rate is increas¢Hg. (4)]. A dynamic equilib-

crystallite may be one explanatidhln any case as shown in rjum _is regched, and the photocurrent saturates. After the
Fig. 6, the maximum of the subgap excited PL at 275 klight is switched off, the excess electrons in the hexagonal

coincides with the local minimum ofjur. Therefore the matrix are_slowly_ captureq intt_) the cubic crystallites again.
most reasonable explanation is that the optical absorption &f2) describes this relaxation time.
3.30 eV is dominated by interband transitions in cubic crys-
tallites at room temperature. These transitions do not contrib-
ute to the macroscopic photocurrent. We can use the ratio of
(3.5 eV/a(3.3 eV)~100 to determine the volume fraction In summary we have studied optical sub-band-gap ab-
of cubic GaN to<1 vol %. sorption in nominal hexagonal GaN films with PDS and
The shoulder around 3.20 eV in thgur spectrum is CPM. A comparison of these measurement techniques is a
caused by acceptor-conduction band transitions in bulkery sensitive method for determining the energy depen-
h-GaN. This yields an acceptor binding energyEgf=220  dence ofyur and thus detecting small cubic inclusions, be-
meV. This energy is in good agreement with the residualow the detection limit of ordinary x-ray diffraction, Raman
acceptor binding energy of 230 meV given in Ref. 25 fromscattering or transmission measurements. We also find deep
an analysis in the DAPand DAR transitions. Optical exci- acceptor levels ih-GaN at 220 and around 720 meV. A
tation from these occupied acceptors lead to mobile elecsimple model is presented to explain the observed differ-
trons. Electron diffusion quenches the DAP luminescencences in PDS and CPM spectra. A correlation with
(see Fig. 3 forE.=3.41 eV). Very high concentrations of temperature-dependent photoluminescence excited below
electrons and holes created with strongly absorbed light, essnd above the hexagonal band gap confirms our model. In
pecially in regions with low mobility, should produce strong agreement with Ref. 28, we attribute the photoluminescence
DAP luminescence as seen in Fig. 4. In Figa simple lines at 3.313 and 3.369 eV, seen by many research

IV. SUMMARY
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