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We have studied optical properties of GaN grown on sapphire by metalorganic chemical vapor
deposition in the near band-edge energy range by cathodoluminescence. A large shift of the band-
edge luminescence to lower energies is induced by increasing the beam energy. The free exciton
position shifts about 20 meV when the beam energy is increased from 5 keV to 25 keV at room-
temperature. The effect is explained by internal absorption caused by an exponential absorption tail
at the band-edge. An Urbach parameter of about 30 to 40 meV for the exponential band-tail in our
samples is estimated by comparing experimental with simulated spectra.

1 Introduction sition (MOCVD) on c-plane sapphire. The layers show

Luminescence methods, photoluminescence (PL) anQOOd structurallproperties as opserved by x-ray diffrac-
cathodoluminescence (CL), are widely used to study thion- The full width at half-maximum (FWHM) of the
optical properties of GaN and other wide band-gap 111-v(0002) rocking curve was about 0.1

nitrides. In particular strain [1] [2], composition [3] 3 Experimental

[4] and electric fields [5] [6] have been studied by the i i
analysis of the excitonic transitions. The advantage of* Nome-built system, fitted to a Jeol JSM-35CF scan-
CL is the spatial resolution of this SEM based method'iNd €lectron microscope equipped with an Oxforg, LN
and its applicability to materials with band-gap energie$ryo-stage, was used for CL measurements. The lumi-
greater than those accessible by laser excitation. Whdigscence was collected by an elliptical mirror with
studying GaN by CL in the near-band-edge photorfocusing optics and analyzed by a Spex 0.22 m double
energy range we observed a strong peak shift to lowéponochromator equipped with 1200 gr/mm gratings
photon energies when the beam energy is increasé(ﬁSOlUtion 0.2 nm). All windows and lenses were UV
(Figure 1). This effect had been observed before [7ftransparent. Light intensity was measured using the DC
The authors speculated that it was caused by strafHIrent signal of a GaAs photomultiplier tube and was
relaxation and/or piezoelectric fields. In contrast, it ishot corrected for the spectral sensitivity of the system. A
the purpose of this letter to show that the effect can beefocused electron beam, with diameter of about 100
explained by internal absorption of the luminescent!m, was used when recording a CL spectrum. The beam
light. current was limited to a level at which the luminescence
A peak shift may be observed which increases witintensity was still proportional to it.
higher beam energies, and hence greater penetratign
depth, because an exponential absorption tail at the _
band-edge cuts the transmission at lower photon enef-1 Beéam energy dependence of exciton
gies. We have compared the measured spectra with simpecta
ulations in order to estimate the Urbach parameter forigure 1 shows the dependence of the room-temperature

Results

the exponential tail. CL spectra on the beam energy. In the excitonic range
the spectra exhibit two superimposed peaks which could
2 Sample Growth be fitted assuming gaussian broadening. At 5 keV the

The samples used in this study were undopach 2hick  dominating line is a free exciton at 3.419 eV with a line-
GaN layer grown by metalorganic chemical vapor depowidth (FWHM) of 60 meV. The second 50 meV broad
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line at 3.347 eV is of unknown origin. It is beyond the with photon energfiv. The Urbach parametgy,,, has
scope of this paper to further clear up the origin of thiginits of energy and is assumed to be related to disorder
line. The free exciton peak shifts to a lower photonin the material. Using the definition of the effective band
energy of 3.401 eV when the beam energy is increaseghp as the energs, g at which the absorption coeffi-
from 5 keV to 25 keV. Simultaniously, the intensity ratio cient is equal to 8 el we calculate the parameter
between the two peaks changes. At 5 keV the intensitx{ -d S S P
of the free exciton peak is higher by a factor of eight,© for different By, assumingBg=, §73.420 eV at
whereas at higher beam energy the peak at 3.347 e 7300 K. o ) )
exhibits almost the same intensity than the free exciton 1h€ fransmission through a layer of thickness
peak. Even for a beam energy of 25 keV we found n@iVen by:

indication in the spectra for luminescence from the sap- I@) = I, epl-az) (2)

phire subtrate. . . .
) The function of electron-hole pair generation vs. depth
At a temperature of=80 K (Figure 2) the band- g;é

. z) is proportional to the energy dissipation of the inci-
edge luminescence peak appears at 3.480 eV for a for nt electron beam. We use the empirical relation found
beam energy of 5 keV and shifts to a lower photorb Everhart and Hoff [11]:
energy of 3.466 eV when the beam energy is increasec}/
to 25 keV. The spectra also show a donor-acceptor-pair A (Z):{ug(om 621/R) - 124G/ RY +569 RY’), 0<z<11R,
(DAP) at 3.285 eV with its phonon replica. Unlike the o zg11r
near band-edge emission its position is constant when
increasing the beam energy. This proves that the funda-whereR is the primary electron rangB.depends on

mental band gap does not change with depth. the beam-energy and the density of the material. Mat-

The band-edge peak shift is too large to be explaine@ukawa et al. [12] give the empirical relation Rin
by stress gradients. The strain related peak shift, me&m):
sured also by low-temperature PL for this sample (not _ 175
shown here), is about 5-7 meV, as typical for this mate- R=(0052/2) Ey @)
rial [2]. Typically, strain relaxation takes place over a with p the materials density in g/&nndEO the beam
distance of approximately 30n from the substrate [8]. energy in keV. Assuming that the minority carrier diffu-
We can also rule out the effect of change in excitationjon length is small compared to the primary electron
density as just a local temperature increase under th@nge, we use Equation (3) to calculate the depth func-
electron beam, because the position of the free excitofpn of the luminescence generation. For the internal,

does not change with  beam current varying over tWexcitonic, near band-edge luminescehggwe assume
orders of magnitude. Therefore, the cause of th% gaussian broadening:

observed peak-shift is not a change of physical proper-
ties with depth.

Ly (D) 1 )

. L) = —

4.2 Simulation of CL spectra for various i o2 =P 250 ®
beam energies

. . arameter of the gaussian broadening. The measured
not as steep as expected for a direct 11l-V semiconductqr g g

] ) . whereEg,. is the excitonic peak position adis the
Recently, it was published that the band-edge of GaN(I?S
uminescencé,, is then given by the integral:

[9]. Instead, a pronounced exponential band tail with
Urbach energies of 30 meV for GaN and up to 200 meV 112

for the ALGa,,N alloys has been found. This could Lt = _[I(Z,hv) Az) L, huyekz ©
originate from structural disorder, or could be caused by v

point defects, alloy fluctuations, or impurities creating Figure 3 shows the transmission of GaN calculated
shallow defects such as silicon or oxygen. using Equation (2) for layers of different thickness.

Next, we simulate CL spectra using a simple modeFarameters for the effective band-gap and Urbach

based on the electron energy dissipation of the incideﬁ‘tner?y \;verefz gkﬁn ftrom re(t:ent me?surergenlt:s of optical
beam and taking into account the effect of internafOnstants ol al at reom-temperature [9]. Forpanl
absorption in GaN. thick layer, the transmission starts to decrease at a pho-

. . . ton energy as low as 3.30 eV (Figure 3). This must be
The exponential abs_orptlon ta'l, below the fund""men'compared with the maximum of the energy dissipation
tal gapEy may be described empirically as [10]: as a function of beam energy calculated for GaN using

Equation (3) (Figure 4), which corresponds to the depth
aths) = a explhef Egy), h o< E, @)  where the maximum of the generated luminescent light
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a depth variation of physical properties, such as the fun-
damental band-gap energy, since the position of the
donor-acceptor-pair, measured &80 K, is indepen-
dent of beam energy. We simulate CL spectra and take
into account internal absorption using a simple model
based on the electron energy dissipation of the incident
beam. We compare simulated spectra with the measured
band-edge peak positions and estimate an Urbach
parameter of 30 to 40 meV for our samples. This value
is in good agreement with the 30 meV recently mea-
sured by optical transmission for GaN at room tempera-
ture.
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Figure 2. CL spectra for apn thick GaN thin-film acquired at
T=80K for two different beam energies.
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Figure 3. Calculated room temperature transmission at the
band-edge of GaN for layers of various thickness. An
exponential absorption edge, Urbach energy 30 meV, and a

effective band-gap of 3.420 eV are assumed.
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Figure 5. Simulated CL spectra as a function of beam energy.
As an effect of internal absorption in GaN the peak maximum
shifts to lower energies with higher beam energy. The gaussian
broadening parameteris chosen to give a linewidth (FWHM)

of 60 meV.
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Figure 6. Measured free exciton peak positionT=800 K
(triangles) vs. beam energy compared with simulated peak
positions (solid lines) for various Urbach tail energies
(ParametersEg,—=3.427 eV, 0=25.5 meV). The peak-shift

depends strongly on the shape of the band tail.

Figure 4. Plots of the normalized carrier generation rate in GaN

for various beam energies (Densib6.1 g/cnd).
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