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Abstract Effects of Fe doping were investigated in detail on a series of Fe-doped GaN epilayers
with different doping concentrations grown on sapphire substrates by confocal micro-Raman
spectroscopy under the back-scattering geometric configuration. Careful investigation of the
E,"€" and A ,(LO) modes of the Fe- and Si-doped epilayers as well as the intentionally undoped
free-standing GaN reveals that the compressive residual strain in the Fe-doped GaN epilayers
tends to relax as the Fe concentration increases. This finding is further supported by X-ray
diffraction measurements. The relaxation of compressive residual strain is most likely due to
the compensation by the tensile strain induced by incorporation of iron atoms in the GaN
epilayers. The influence of Fe doping on the background electron concentration was also

discussed by analyzing the upper branch of A;(LO)-plasmon coupled mode.

Introduction

Gallium nitride (GaN) is one kind of technologically important
wide bandgap semiconductor due to its tremendous potential
for application in different areas, such as light emitting diodes
(LEDs), laser diodes, etc." > Currently, GaN is usually grown
on foreign substrates, such as sapphire, due to the unavailability
of a large size GaN substrate. It is well known that intentionally
un-doped GaN bulks and thin films always show n-type
conductivity. In other words, there is exclusively a background
electron gas in the conduction band of even un-doped GaN.
Therefore, fabricating semi-insulating and p-type GaN
materials is crucial for applying GaN in functional devices.>®
Iron (Fe) doping is a promising approach to achieve the semi-
insulating and even p-type conductivity in GaN epilayers. On
the other hand, residual strain usually exists in such
heteroepilayers of GaN and ZnO. Moreover, the residual strain
has a strong impact on their optical and electronic properties.”®
In the GaN epilayers grown on sapphire substrates, the residual
strain is typically compressive and biaxial in nature.” As an
effective method of studying lattice vibration and its interaction
with carriers, Raman spectroscopy has been adopted widely to
investigate strain status in GaN epilayers including Fe-doped
epilayers.”'® However, a systematic study of the strain,
especially evolution of the strain with the Fe doping
concentration in GaN epilayers, although highly desirable, does
not exist. In this article, we present a detailed study on the
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effects of Fe doping on the strain and optical properties of the
GaN epilayers when the Fe doping concentration varies from
0.013% to 4.7%. Our results clearly demonstrate the partial
relaxation of the compressive residual strain and the
compensation of Fe dopants to the background electron gas in
the GaN epilayers. These findings are interesting and
significant for both basic research and practical applications.

Experimental

The GaN epilayers with varying Fe concentrations grown with
hydride vapour phase epitaxy (HVPE) on sapphire substrates
were adopted in this study. The Fe concentrations were
estimated to be 0.013%, 0.16%, 1.6%, 3.1% and 4.7% in the
GaN epilayers denoted as F1, F2, F3, F4 and F5, respectively,
based on the calibrated growth conditions. Available study has
shown that Fe atoms incorporated into GaN have a co-existence
charge state of Fe’" and Fe®'.'” The intentional growth
thicknesses of Fe doping layers in samples F1 to F5 were 19,
20, 20, 41 and 97 um. Before the growth of the Fe doped layers,
a 4 um intentionally undoped GaN buffer layer was deposited.
For comparison, an intentionally undoped GaN epilayer (G1)
synthesized under the similar conditions and a free-standing
GaN bulk (G2) with thickness ~0.3 cm were used as the control
samples. In addition, a series of Si-doped GaN epilayers with
estimated carrier concentrations of 5.02x10" , 1.52x10° ,
6.18x10" and 8.82x10" cm™, respectively, named as S1, S2, S3

J. Name., 2013, 00, 1-3 | 1



RSC Advances

and S4, were also investigated for comparison and discussion.
The thicknesses of all the Si-doped GaN epilayers were 4pum.
The Raman scattering spectra of all the samples were measured
under a backscattering geometric configuration with
z(x,x+y)z (z direction aligns with the c-axis of crystal)
using a WITec-Alpha confocal micro-Raman system at room
temperature. The laser line of 514.5 nm of an argon gas laser
with the output power of 30 mW was employed as the
excitation light of Raman scattering measurements. X-ray
diffraction (XRD) patterns of the samples were obtained by a
Siemens D5000 X-ray diffractometer with an angle-scanning
step of 0.005°.

Results and discussion

Figure 1 shows the measured Raman spectra of the Fe-doped
samples and the reference bulk G2 as well as the control
epilayer G1, where the two major Raman active modes, namely
EJ¥" and A(LO) (LO is an acronym of longitudinal optical
phonon) peaks are illustrated. The E;”'g” peak intensity of all the
spectra is normalized, and the spectra are shifted vertically for
clarity.
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Fig. 1 Measured micro-Raman scattering spectra of the Fe-
doped GaN epilayers. The spectra of samples G1 and G2 are
also illustrated for comparison. The spectra were normalized at
E;igh peak and shifted vertically for clarification. The vertical
dashed line and the short dotted arrows are drawn to guide the
eyes.

The EJ®" mode of GaN epilayers is proved to be sensitive to
the variation of strain in the films.” '® From Fig. 1, it can be
seen that the peak position (566.83cm™) of the EJ¥" mode of
the free-standing GaN thick layer (G2) is very close to the
reported strain-free value of 566.2cm™, indicating that the
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residual strain inside it is nearly completely released.'”"' In all
the remaining GaN epilayers grown on sapphire, however,
compressive strain presents, verified by the observed blue-shift
of the E;”'g” mode with respect to the almost strain free sample
G2. For example, the £*" mode of the sample G1 located at
569.49cm™, which is evidently higher than that of the free-
standing sample. Interestingly, the E;”'g” peaks of the Fe-doped
GaN epilayers shift towards the lower frequency direction as
the Fe doping concentration increases, suggesting that the
compressive strain in the epilayers tends to relax with
increasing the doping concentration. The A;(LO) peaks also
shift towards the lower energy direction. However, due to the
strong A;(LO)-plasmon coupling, the redshift of A;(LO) with
the increase of Fe doing concentration has to be carefully
discussed in late section. In sharp contrast to the case of Fe-
doped samples, the Si-doped GaN epilayers grown on sapphire
show different behaviors, as depicted in Fig. 2.
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Fig. 2 Measured Raman spectra of Si-doped GaN epilayers.
Results from G1, G2 and F1 are also included for comparison.
The spectra were normalized at E;”'g” peak and shifted vertically
for clarification. The vertical dashed line and the short dotted
arrows are drawn to guide the eyes.

The EJ®" peaks of these Si-doped samples (S1, S2, S3 and S4)
do not show any observable shift, compared with the
intentionally undoped GaN epilayer (i.e., sample Gl).
However, their A;(LO) peaks move towards the higher energy
side as the Si doping concentration increases. As argued earlier,
the E;”'g” mode is more sensitive to the variation of biaxial
strain in the GaN epilayers. It should be noted that the
incorporation of foreign atoms into GaN can introduce a
hydrostatic strain.'* '7 At particular, it is expected to be
considerable at high dopant concentrations. In the Si-doped
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GaN epilayers studied in the present work, no observable shift
is observed for the EJ*" mode, suggesting that the residual
strain shows no observable change with increasing the Si
doping concentration at least in the interested range, i.e., <
9x107cm™. Nevertheless, we would like to mention that for the
Si-doped GaN epilayers with higher doping concentrations, the
relaxation tendency of the compressive strain was observed by
Lee et al,'' although they did not discuss the A,(LO) mode
behavior in their work. For the Si-doped samples studied in the
present work, the Si doping has been shown to significantly
influence the electron concentration due to the incorporation of
Si atoms in GaN.?* We thus looked for other mechanism such
as LO phonon-electronic plasmon coupling to interpret the
observed blueshift of the A;(LO) mode in the Si-doped
epilayers.”'> Here it is worth noting that from the two
prominent Raman features ( £7%"and A,(LO)) of the Fe- and Si-
doped GaN epilayers, we can observe that no significant
degradation in crystalline quality is caused by incorporation of
foreign doping atoms. This point is also supported by the XRD
results shown later.
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Fig. 3 E¥" and A,(LO) peak position change of Fe-doped and
Si-doped GaN epilayers. E;”'g” peak positions are represented
by squares, solid for Fe-doped ones, empty for Si-doped ones.
A(LO) peak positions are represented by triangles, solid for
Fe-doped ones, empty for Si-doped ones. Scatters are connected
by dashed lines for guidance. The two horizontal dash-dotted
lines mark the positions of E7*" and A;(LO) peaks of the free-
standing layer G2, respectively.

For a clear comparison, the peak positions of E;”'g” and A(LO)
modes directly extracted from the measured spectra in Figs. 1
and 2 are summarized in Fig. 3. The two dash-dotted lines are
drawn to mark the positions of £}*" and A (LO) peaks of the
free-standing sample G2. It is quite clear that both the £}*"
(solid squares) and A;(LO) (solid triangles) modes of the Fe-
doped samples exhibit noticeable redshift with an increase in
the doping concentration, and finally get close to the
corresponding peak positions of the free-standing sample G2.
Nevertheless, for the Si doped samples, the A;(LO) peak
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position displays a blueshift while the E}*" peak does not show
any observable shift with an increase in the Si concentration.

Before we discuss the details of A;(LO) mode, we would like to
point out that the reduction of the biaxial strain in the Fe-doped
epilayers may influence the peak position of A;(LO) mode,
although the E;”'g” has already shown to be more sensitive to the
variation of biaxial strain in the epilayers.'® 2° It should be
mentioned that similar pressure coefficients were reported for
EY¥ and A,(LO) modes under external hydrostatic'® or
uniaxial pressure.’’ For the Si-doped GaN samples, the
observed blueshift of A;(LO) mode can be well interpreted with
the LO phonon-plasmon coupled mode since the E;”'g” mode

does not show any observable shift.

As mentioned earlier, a LO phonon-plasmon coupled model
was adopted to simulate the broadening A,(LO) peak (the upper
branch of the LO phonon-plasmon coupled mode) in the Raman
spectra.” 2"+ 2 The plasmon damping constant ¥, phonon

damping constant I, and plasmon frequency @, were treated

as the fitting parameters in the model. It has been previously
demonstrated that the A;(LO) peak position was mainly
determined by the plasmon frequency and damping constant
while its peak intensity was primarily affected by the phonon
damping.”' Even if considering the shift of A;(LO) peak
partially caused by the change of residual strain in Fe-doped
samples (i.e., 30% contribution), the fitting results still
demonstrate a clear reduction of carrier concentration as
increasing Fe doping. The values for the frequencies of TO
(transverse optical mode) and LO phonons in GaN used in the
fitting process were 530.85 and 732.95 cm’, respectively,
which were taken directly from the Raman spectra of the free-
standing sample G2 (A;(TO) and A(LO) modes, respectively,

details not shown here). The plasmon frequency ®, was used

to derive the carrier concentration by the relation (in cgs units)

2
2 _ 4rne i (1)

v
? g’D mi’

*
where & is the optical dielectric constant, 7, is the electron
effective mass, and »n is free carrier concentration. For the Si-
doped samples, , is found to increase with raising the dopant

concentration. For example, , =63 cm’! for S1, and 159 cm’!

for S4, are in good agreement with the reported results.’ For the
intentionally undoped epilayer Gl1, , is found to be 6lcm™,

which indicates the n-type nature of as-grown GaN epilayers.”
22 On the contrary, , strongly decreases with increasing the

Fe concentration in the Fe-doped samples, i.e., 120 cm'’! for Fl,
~2.4 cm™ for F4 and F5, showing that Fe dopants in GaN can
act as efficient “electron killers” for realizing semi-insulating
GaN.>» % Neutron irradiation was also observed to produce
similar effect.”? Figure 4 shows the fitting curves (solid lines)
and experimental spectra (lines + symbols) of samples F1 and
F4. A good agreement between theory and experiment is
achieved, as seen in Fig. 4.
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Fig. 4 Fitting curves (solid lines) of A;(LO) mode of samples

F1 and F4 by the LO phonon-plasmon coupling model. The

respective experimental results are represented by empty

squares and triangles connected by lines for F1 and F4,
respectively.
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Fig. 5 XRD 20 scanning patterns of the Fe-doped samples F1,
F2 and F3. The XRD results from sample G1 and G2 are also
depicted in the upper part for comparison. Note that only the
diffraction patterns from the GaN (004) plane were shown. The
double peak structure is due to the diffractions of Cu Kal and
Ka2 lines by GaN (004) plane. The XRD curves of the Fe-
doped samples were shifted vertically for clarity.

Now we return to discuss the E;”'g” mode and strain in more
details. As seen in Fig. 1 and 3, the E}*" peak does not show

observable shift when the Fe doping concentration is low.
However, noticeable redshift is clearly observed when the
doping concentration becomes larger. If a theoretical stress
coefficient of 2.56 ¢cm™'/GPa is adopted for the E;”'g” mode of

GaN epilayer grown on sapphire,” ** the stresses of the Fe-

doped samples F1, F2, F3, F4 and F5 are found to be 1.040,
1.040, 0.560, 0.082 and 0.082 GPa, respectively. Obviously, the
stresses in the Fe doped GaN epilayers tend to reduce as the Fe
doping concentration increases. Like other foreign atoms, the
incorporation of Fe atoms into GaN may induce an additional
hydrostatic strain via producing point defects.'” If Fe atoms are
present in GaN as interstitials, they may bring out a tensile
hydrostatic strain. If they exist as the substitutions of Ga, a

4| J. Name., 2012, 00, 1-3

compressive hydrostatic strain could be introduced due to the
smaller atomic radius of Fe. We believe that Fe atoms could
exist in GaN in the two geometric configurations. However, as
the Fe doping concentration increases, the percentage of
interstitial Fe atoms may increase and thus leads to the partial
relaxation of the compressive residual strain in the GaN films.

In order to obtain further evidence of relaxation of the residual
strain in the Fe-doped GaN epilayers, XRD measurements were
performed on the samples. Figure 5 shows the measured XRD
20 scanning patterns of G2, G1, F1, F2 and F3. The double
peak structure originates from the diffractions of Cu Kal (

A=1.5406A) and Ka?2 lines by the GaN (004) plane. The (004)
20 peak from the sapphire substrate (52.553°, PDF Pattern no
10-0173) was used to calibrate the peak positions of G1, F1, F2
and F3. The XRD data of sample F4 and F5 are not shown here
because the diffraction signals from their sapphire substrates
were not detected, which could be due to the limited
penetration depth of X-ray because the thicknesses of Fe-doped
epilayers in these sample are quite large. Directly read out from
Fig. 5, the GaN (004) 26 peak position of the free-standing
sample (G2) is 73°, which is the same as the standard data
(73.000°, PDF Pattern no 02-1078, with a,=3.18600A and
¢=5.17800A). Double-peak fitting was performed to determine
the (004) 20 peak positions of the rest XRD curves using
Loretzian lineshape function. Bragg’s law (2d xsin@ =nA,
here n=4) was used to calculate the lattice parameter ¢ of these
samples, and then obtained lattice parameters were used to
compute the residual strain along the c-axis with the equation:

&, = (c— CO) / C, - The results are summarized in Table 1.

GaN (002)
—F5

GaN (004)

XRD Intensity (arb.units)

20 30 40 50 60 70 80
20 (degree)

Fig. 6 XRD 20 scanning patterns of sample F5 with the highest
Fe doping concentration in a wide scanning range of 25-80
degrees. The dominant sharp diffraction peaks from GaN (002)
and (004) planes indicate that the sample remains good wurtzite
structure.

Clearly, the strain &, of the epilayers reduces as the Fe

concentration increases, which is consistent with the Raman
results discussed earlier. It should be noted that even for the
GaN film with the highest Fe doping concentration such as
sample F5 studied in this work, it still holds good wurtzite
lattice structure, as shown in Fig. 6.
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Table I. 29 values in the XRD measurements obtained from
the double-peak fitting and residual strain along c-axis
calculated based on them in samples G1, F1, F2 and F3. The
values of the free-standing sample G2 are also listed for

comparison.

Sample G1 F1 F2 F3 G2
20 72.86428 7290455 7290648 7291265 73

(degree) +29x10™ +2.8x10™* #3.1x10™" +3.5x107*

€ (%) 0.200 0.152 0.150 0.142 0

At last, we would like to point out that all the experimental
data, no matter whether from the Raman spectra or XRD
patterns, reflect the average information of respective quantities
over a certain thickness. It has been experimentally shown that
vertical gradients in strain as well as carrier concentration can
occur in thick GaN layers grown on sapphire, especially within
about a few microns from the sapphire/GaN interface.”® For the
Fe-doped samples studied here, their thicknesses are larger than
20pum. Therefore, the Raman and XRD data from these samples
carry the average information of the Fe-doped epilayer in the
vertical range far from the sapphire/GaN interface.

Conclusions

In conclusion, Fe doping was demonstrated to have significant
impact not only on the background electron concentration but
also on the residual strain in the GaN epilayers grown on
sapphire through analyzing the micro-Raman spectra and XRD
patterns. In sharp contrast to the case of Si doping, the
compensation of Fe doping to the background electron
concentration is likely efficient when the concentration is
relatively low. More interestingly, as the Fe doping
concentration increases its effect on the relaxation of the
compressive residual strain of the GaN epilayers grown on
sapphire becomes significant. These findings show that Fe
doping may provide a possible method for engineering the
strain of GaN heteroepilayers.
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