phys. stat. sol. (RRL) 2, No. 5, 215-217 (2008) / DOI 10.1002/pssr.200802155

Silicon-doping induced strain

of AIN layers: a comparative

v +++rapid
v
research

Q

www.pss-rapid.com

luminescence and Raman study

Giinther M. Prinz', Martin Feneberg”', Martin Schirra', Rolf Sauer’, Klaus Thonke', Sarad B. Thapa’,

and Ferdinand ScholZ

! Institut fur Halbleiterphysik, Universitdt Ulm, 89069 Ulm, Germany

2 Institut fiir Optoelektronik, Universitdt Ulm, 89069 Ulm, Germany

Received 9 July 2008, revised 20 August 2008, accepted 20 August 2008

Published online 5 September 2008

PACS 61.72.uj, 78.30.Fs, 78.60.Hk, 78.66.Fd

: Corresponding author: e-mail martin.feneberg@uni-uim.de, Phone: +49-731-5026119, Fax: +49-731-5026108

Si-doped aluminum nitride layers show a shift of the near-
band-edge luminescence at around 6 eV to lower energies for
increasing Si concentration up to ~(1-3) x 10" cm™. For
higher concentrations, the luminescence shifts back to higher

Aluminum nitride (AIN), representing the upper end of
the technologically interesting alloy system aluminum gal-
lium nitride (AlGaN), has a direct band-gap of =6.1 eV at
low temperatures. This extremely wide gap could enable,
e.g., future applications as a deep UV optoelectronic mate-
rial. Indeed, Taniyasu et al. [1] recently demonstrated a
light emitting diode made of Si- and Mg-doped AIN oper-
ating at 210 nm. This break-through is stimulating further
work on the doping of AIN and its influence on crystal
growth and optical properties. It is known from a number
of works [2, 3] that doping AIN with Si leads to a red-shift
of the near-band-edge luminescence. Nam et al. [2] ex-
plained this red-shift in terms of an electronic band-gap re-
normalization. In the present letter we give arguments that
this shift is rather a consequence of tensile strain intro-
duced by doping with Si. To show this we compared high-
resolution X-ray diffraction (HRXRD) data and low
temperature cathodoluminescence (CL) with Raman meas-
urements, and the correlation of the results verified that the
origin of the band-gap shift is doping-induced strain. A va-
riety of AIN layers were grown by metal organic vapor
phase epitaxy as described elsewhere in detail [4]. Two se-
ries of samples were grown at different growth tempera-
tures of 1150 °C and 1190 °C, respectively. After deposi-
tion of a nucleation layer of AIN on the c-plane sapphire
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energies. This behavior is compared to concomitant shifts of
the Raman-active E, vibrational mode and to X-ray diffrac-
tion data. It can be explained in terms of increasing tensile
strain which finally relaxes due to the formation of cracks.
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substrate an undoped AIN layer with a thickness of about
250 nm was grown, followed by a 250 nm to 350 nm thick
Si-doped layer. The basic growth conditions of both the
undoped and Si-doped layers were similar. The Si concen-
tration was varied from 3 x 107 cm™ to 9 x 10" cm™ and
measured by secondary ion mass spectroscopy (SIMS). For
comparison, two undoped AIN reference samples were
grown with a thickness of approx. 500 nm. The CL meas-
urements were accomplished at 6kV in a variable-
temperature continuous helium-flow cryostat. The emitted
light was focused on the entrance slit of a monochromator
with attached liquid nitrogen-cooled charge-coupled device
(CCD) camera. The electron beam spot diameter on the
sample was around 0.5 mm, and the penetration depth was
estimated to be 370 nm. In this case the spectral resolu-
tion was better than 3 meV at 6 eV. The Raman measure-
ments were carried out in a confocal micro-Raman system
with a 514 nm Ar'-laser beam. The laser beam was fo-
cused with a microscope lens (x80, NA =0.75) to about
0.75 pm spot diameter on the sample surface. To exactly
calibrate our wave number scale we recorded simultane-
ously with the Raman signal various laser plasma lines.
The spectra were recorded at room temperature in back-
scattering geometry and detected by a DILOR XY800 tri-
ple-monochromator with an attached CCD camera. The
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Figure 1 CL spectra of the Si-doped and the undoped AIN refer-
ence samples at 7~ 10 K. The dominant lines are from bound ex-
citon recombination (including the double peak in the two lower
spectra) while free exciton transitions are seen as high-energy
shoulders (example marked by arrow). Left side: CL spectra of
the series of AIN layers grown at 1150 °C. Right side: CL spectra
of the series of AIN layers grown at 1190 °C.

overall spectral resolution and accuracy of this system is
therefore better than 0.5 cm ™.

Figure 1 shows near-band-edge CL spectra of the Si-
doped AIN layers and of the undoped reference samples.
Each spectrum consists of bound and free exciton (Xa)
transitions, the latter being only visible as weak high-
energy tails.' Starting from the peak position of the un-
doped AIN reference samples at =6.01 eV, we observe in
both sample series a similar monotonic shift of the lumi-
nescence peak towards lower energies for increasing Si
concentrations up to (1-3) x 10" cm™. For the higher dop-
ing levels of 6 and 9 x 10" cm™ the shift reverses back to
higher energies. Figure 2 shows the corresponding Raman
E)®" modes for both sample series. For the samples grown
at lower temperatures the AIN E)*" mode shifts to lower
wavenumbers for Si concentrations up to 9 x 10" cm™,
and again shifts back for the higher doping levels. The
samples grown at 1190 °C exhibit basically the same be-
havior, but show additionally a non-shifting high-energy
component at the initial position of 656 cm™' which is as-
sumed to originate from the undoped AIN buffer layer. The

We made sure that these tails are due to free exciton recombination by
recording spectra at higher temperatures observing that the tails grow in
succession stronger albeit these spectra are unsuitable for line fits due to
the strong overlap of the bound and free components.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

- (0]
2x10Yem>g

630 640 650 660 630 640 650 660

Raman shift (cm'l)

Figure 2 (online colour at: www.pss-rapid.com) Raman spectra
of the E}*" mode for the Si-doped and the undoped AIN refer-
ence samples. The vertical lines mark the position of the Eb'€"
mode of unstrained AIN.

low energy component shifts down for Si concentrations
up to 3 x 10" cm™, and shifts back again at the highest
doping level of 9 x 10" cm™. In HRXRD measurements
[4] the samples grown at 1190 °C also showed a doublet
peak structure like the Raman spectra. This indicates dif-
ferent strain in the underlying undoped buffer and the top
Si-doped AIN layer. For the samples grown at lower tem-
perature, we found only one single shifted peak, similar to
the Raman measurements. For these samples we therefore
cannot separately identify the strain in the buffer layer.
Altogether, for both series of samples we observe that ei-
ther the single EJ®" mode (1150 °C series) or the corre-
sponding low-energy component of the doublet peak
(1190 °C series) show a behavior in full analogy to the
near-band-edge CL luminescence.

To evaluate the correlation quantitatively we per-
formed line shape fits to the Raman spectra as well as to
the near-band-edge emission spectra. For the Raman spec-
tra shown in Fig. 2 we used one or two Lorentzian lines to
fit the single or doublet E}'®" mode, respectively. The wave
number scale was calibrated against the Ar'-laser plasma
line at 520.3 cm™' recorded together with the sample spec-
tra yielding the position of the E}*" mode to better than
0.5cm ™. The fits to the measured spectra are shown as
solid lines in Fig. 2. For the CL spectra we proceeded in
the following way: The bound and free components in
Fig. 1 have been decomposed by fitting either Gaussian or
Lorentzian shapes to them. The free exciton component
could always be satisfactorily fitted by a Gaussian shape.

www.pss-rapid.com



phys. stat. sol. (RRL) 2, No. 5 (2008)

Rapid

Research Letter

217

0~1 _l TTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTT |_ 6~O4
- o |
0.0 - = 156.02
L ' O __ ~~
§ 01 ) ] 6.00 E
= C J598 =
W 02Fc o ] o)
SYPran _1 3596 ™
03fF _-® ®*  AE=13meV/ecm X Av ]
E -5.94
-I 111 I 1111 I 1111 I 1111 I 111l I 111l I 111 I-
649 650 651 652 653 654 655 656

Raman shift (cm'l)

Figure 3 (online colour at: www.pss-rapid.com) Correlation of
the strain &, (open symbols) measured by HRXRD and the free
exciton (X,) energy position (full symbols) with the Raman shift
of the lower component of the EJ'®" mode. The experimental error
of the X,-to-E, correlation is indicated in the upper left corner.
Samples with 7= 1150 °C are represented by circles, samples
with 75 = 1190 °C by squares. The solid and the broken line are
least square fits to the data.

As both spectral components are relatively broad, the un-
certainty in determining their positions was as large as
~10 meV. For all Si-doped samples the fits yielded local-
ization energies of the donor bound exciton transitions
ranging from 22 meV to 29 meV. In the literature, similar
values were found for Si-doped AIN samples grown on
sapphire [2] and 6H-SiC [3]. The positions of the free exci-
ton transition X, are plotted against the E*" Raman mode
in Fig. 3. A linear correlation of the two energies is obvi-
ous and is described by a regression line with slope
AE(CL) =13 meV/em ' x Av (Raman).

Basically, various effects can lead to a decrease of the
emission energy of highly doped samples. Bandgap renor-
malization e.g. is an effect expected to happen at donor
concentrations approximately above the critical density of
Si in AIN, n.~ 1.3 x 10*' ecm™ [5]. This very high density
is the reason that the redshift of our CL bands cannot be
explained by bandgap renormalization as was the case in
Ref. [2]: Our samples have donor densities far below 7,
and they do show free exciton emission which would be
quenched above n.. The occurence of free exciton recom-
bination furthermore excludes self-absorption effects in the
CL spectra as a possible interpretation of the spectral shifts.
Another possible explanation for the redshift is the occur-
ence of potential fluctuations (or alloying) for higher sili-
con doping concentrations. Increasing potential fluctua-
tions, however, can only lead to a downshift of the emis-
sion energy but can never account for the final upshift for
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the highest Si concentrations. An important finding is that
the tensile strain as determined by HRXRD correlates line-
arly with the observed Raman shift (see Fig. 3). Thus, the
only explanation for the CL shift consistent with the ex-
perimental data is in terms of strain effects caused by the
Si doping. The decrease of such strain above a doping level
of (1-3) x 10" cm™ comes unexpected. A clue to this ob-
servation is given by scanning electron microscopy studies
on our layers revealing cracks on the surface of these
highly doped samples. The formation of cracks relaxes the
strain in the layers, and therefore the near-band-edge emis-
sion shifts back towards the position observed in the un-
doped layer. Alternatively, the strain can be calculated
from the position of X, using the equations and deforma-
tion potentials given by Wagner and Bechstedt [6]. For the
Raman data the strain was computed using averaged pho-
non-deformation potentials from Sarua et al. [7] and Wag-
ner and Bechstedt [6]. The strain values calculated from
the luminescence and from the Raman shift coincide
within an error margin of 4%. Hence, we obtain an excel-
lent correlation of the strain as determined by HRXRD, the
shift of the Raman E)®" mode, and the CL free exciton
emission. We note that based on the strain values obtained
from the Raman data we calculate a biaxial stress coeffi-
cient of 0F/0co, =—-49 meV/GPa which is in agreement
with that of Pantha et al. [8]. In summary, our data clearly
correlate the shift of the near-band-edge luminescence to-
wards lower energies to tensile strain originating from the
doping of AIN with Si.
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