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Probing the relationship between structural and optical properties

of Si-doped AIN
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Much efforts have been devoted to achieve conductivity control in the ultrahigh band gap
(~6.1 eV) AIN by Si doping. The effects of Si-doping on the structural and optical properties of
AIN epilayers have been investigated. X-ray diffraction studies revealed that accumulation of tensile
stress in Si-doped AIN is a reason for the formation of additional edge dislocations.
Photoluminescence (PL) studies revealed that the linewidths of both band-edge and impurity related
transitions are directly correlated with the density of screw dislocations, Ny, Which increases with
the Si doping concentration (Ng;). Furthermore, it was formulated that the band-edge (impurity) PL

emission linewidth increases linearly with increasing Ny, at a rate of ~3.3+0.7 meV/10% cm

-2

(26.5+4 meV/10® cm™), thereby establishing PL. measurement as a simple and effective method
to estimate screw dislocation density in AIN epilayers. © 2010 American Institute of Physics.

[doi:10.1063/1.3374444]

AIN has the widest direct band gap (~6.1 eV) among
the II-nitride semiconductors and possesses outstanding
properties such as high temperature stability, high thermal
conductivity, and deep ultraviolet (DUV) transparency.
These properties make AIN a good candidate for various de-
vice applications, such as templates1 or active materials for
DUV light emitters® and photodetectors,3’4 and quantum cas-
cade lasers.”®

However, the insulating nature and high density of
threading dislocations (TDs) hinder the commercial develop-
ment of devices based upon AIN. The presence of triply/
doubly negatively charged aluminum vacancies Vf\]’ 2~ is be-
lieved to compensate the Si donors”® while the lattice
mismatch between the substrate and AIN is the main reason
for high density of TDs.””'? While several groups have dem-
onstrated n-type conductivity in AIN by Si doping,l’Bf15
doping causes crystal imperfections which can affect the
structural and optical properties of the film. There are numer-
ous reports on Si-doped AIN,"* " but the investigation on the
impact of Si incorporation on structural and optical proper-
ties is limited. In this letter, we report on the correlation
between structural/optical properties and Si doping concen-
tration in AIN epilayers.

Undoped and Si-doped AIN epilayers of about 1 um
thickness were grown on c-plane sapphire by metal organic
chemical vapor deposition. The sources of Al, N, and Si were
trimethylaluminum, ammonia (NHj;), and silane (SiHy), re-
spectively. The Si doping concentration (Ng;) was varied
from 5 10'7 to 1 X 10" cm™. We employed x-ray diffrac-
tion and DUV photoluminescence (PL) spectroscopy to in-
vestigate the structural and optical properties of these AIN
epilayers.

The 6#-26 scans of (002) planes for undoped and Si-
doped AIN epilayers are shown in Fig. 1(a). Regardless of
Ng;, all curves have retained their symmetric shape. This is
attributed to the fact that there is no gradient of stress normal
to the surface.'” As Ng; increases, the 26 position shifts to a
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higher angle corresponding to a smaller ¢ lattice constant. In
contrast to this, at higher Ng; (>2 X 10'"® cm™), the 26 po-
sition shift is reversed. The shift in peak position is related to
the change in stress in the film. In-plane lattice constant a
was determined by the ¢ lattice constant and d value of the
(102) plane using the following equation,

1 4_L<h2+hk+k2> 2
dﬁkl_3

+ —, 1
where h, k, [ are miller indices, and ¢ and d are lattice con-
stants for the (002) and (hkl) planes, respectively. We have

estimated the in-plane stress oy from the following
equation:
a-a, c?
0= ((C11+C12—2ﬁ), (2)
ao Cx3

where C;; are the elastic constants of AIN (C;;=410 GPa,
C,=140 GPa, C;3=100 GPa, and C53=390 GPa) (Ref. 20)
and a,=3.112 A is the lattice constant for stress-free AIN 2
The variation in in-plane stress with Ng; is shown in Fig.
1(b). The graph shows that incorporation of Si in AIN has
caused a relaxation in the compressive stress, which is in the
order of 1 GPa in undoped AIN, and induced tensile stress
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FIG. 1. (Color online) (a) Angular shift (26) of (002) reflection in 6-26 scan
mode in undoped and Si-doped AIN epilayers. (b) In-plane stress in Si-
doped AIN epilayers as a function of the Si doping concentration (Ng;).
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FIG. 2. (Color online) (a) The Williamson-Hall plot (W-H plot) using
integral width of the (002), (004), and (006) rocking curves for undoped and
Si-doped AIN epilayers, (b) FWHM of the rocking curves of the (hkl) planes
as a function of lattice plane inclination angle with respect to sample surface
for undoped and Si-doped AIN epilayers and fitted with an equation de-
scribed in Ref. 9.

when Ng;>5X 10" cm™. Tensile stress was a maximum
(~0.8 GPa) at Ng;=2x%10'"" cm™. Since the variations in
in-plane stress and edge dislocation density Nge. (Fig. 3 will
be discussed later) with Ng; were found to be very similar,
we believe that relaxation of compressive stress and accumu-
lation of tensile stress was the reason for the increase in edge
dislocations in Si-doped AIN. Normally, dislocations are
formed to reduce the stress.

Tilt and twist angles were obtained from the
Williamson—Hall plots21 as described by Lee et al.’ The cor-
responding plots are shown in Figs. 2(a) and 2(b). Screw and
edge TD densities (N, and Neg,e) Were estimated using the
following classical formulae:*

Nscrew: Blzllt/435b3’ (3)

Nedge = Btzwist/4'35b3’ (4)

where b, and b, are the Burgers vector of ¢ and a-type TDs,
respectively, with |b./=0.4982 nm and |b,|=0.3112 nm.
The variations in Ny, and Nege with Ng; are shown
in Fig. 3. We observed that N, increased monotonically
with Ng;. Ny Was found to be about two times higher
(Ngerew>8 X 10% cm™) in heavily doped samples (Ng;>7
X 10" ¢cm™) compared to undoped sample (N en=4.2
X 108 cm™). In contrast, Ngee Was found to increase only in
moderately doped samples (Ng;=0.5 to 5X 10'® cm™) and
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FIG. 3. (Color online) Screw (Nycy) and edge (Negq.) dislocation densities
as functions of Ng;.
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FIG. 4. (Color online) Room temperature (a) PL spectra of Si-doped AIN for
different Ng;, (b) PL emission intensity (top), PL energy peak position
(middle), and PL FWHMSs (bottom) of Si-doped AIN as functions of Ng;.
Closed (open) triangles on the left (right) scales describe the PL properties
of band edge (impurity) emission.

then decreased thereafter. Nqo. Was found to be about an
order of magnitude higher than Ny.,. Reduction in N4 at
Ng;>5% 10" ¢cm™ could be due to the bending and annihi-
lation of these dislocations'®” to accommodate for the
change in tensile stress [see Fig. 1(b)]. The results have es-
tablished the fact that edge dislocations are correlated with
the in-plane stress.

Fig. 4(a) shows the PL spectra of undoped and Si-doped
AIN epilayers with Ng varying from 5X10Y7 to 1
X 10" c¢m™. All Si-doped samples exhibit weak emission
lines due to donor bound exciton transition (I,) at 5.93 eV.
This emission line is about 20 meV below the free excitonic
(FX) line in undoped AIN.** Spectra from all the Si-doped
samples show a strong impurity band around 3.5 eV, about
two orders of magnitude stronger than the 7, emission, which
is related to the aluminum vacancies, V,;. This triply/doubly
negatively charged aluminum vacancy (V3,*") (Refs. 7 and
8) is responsible for trapping electrons, resulting in poor
room temperature electrical conductivity in Si doped AIN.
The detailed PL features of both /, and impurity transitions
as functions of Ng; are plotted in Fig. 4(b). Figure 4(b) (top)
shows that the I, (impurity) emission intensity, I.,,; decreases
(increases) as Ng; increases, indicating that the incorporation
of Si increases defect density and deteriorates material qual-
ity. This is further supported by the systematically increasing
in full width at half maxima (FWHM) of both I, and impu-
rity related transitions as seen in Fig. 4(b) (bottom).

The direct correlation between N, and the PL spectra
FWHM is illustrated in Fig. 5. Figure 5 shows PL spectra
FWHM of both I, and impurity transitions as functions of
Ny.ew and fitted by the following equations:

FWHMband—edge(N screw) = FWHMband-edge(intrinSiC)

+ aband»edgeNscrew’ (5)

F\NHN[impurily(lv screw) = FWHMimpurily(intrinSiC)
+ aimpurityNscrew~ (6)

FWHMs were found to increase linearly with increasing
Ngrew at a rate of ~3.3+0.7 meV/10® cm™? for I, and
~26.5+4 meV/10® cm™? for impurity transitions. An in-
trinsic linewidth of ~17 meV for I, emission was estimated
when Ny, =0. This value is very close to the linewidth of
the I, transition (~13 meV) measured experimentally in

Downloaded 12 Jul 2010 to 129.118.86.45. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



131906-3 Pantha et al.
50 T . 680
~— mBand-edge

451 1640
S a0 1600 S
o ©
E E
s 35f 1560 <=
= s
o 30t 1520 T
T T

251 ImpurityA — 1480

20 . - 440

4 5 6 7 8 9 10
N, (x10° cm?)

FIG. 5. (Color online) FWHMs of impurity and band edge PL emissions
as function of N.,. The solid lines are the linear fit of data using Egs. (5)
and (6).

c-plane AIN homoepilayers.24 Homoepilayers can be consid-
ered as almost free of TDs. The results thus indicate that PL
characteristics are very sensitive to Ny, in AIN epilayers
and PL measurement is an effective method to assess relative
Nerew 10 AIN epilayers.

In summary, we have investigated the effects of Si-
doping on the structural and optical properties of AIN epil-
ayers. The undoped AIN epilayer was found to be under
compressive stress that was almost fully relaxed by doping
with Si of about Ng;=5 X 10'7 ¢cm™. Further increase in N;
between 2 X 10'® and 10" cm™ induced tensile stress in the
epilayer. A direct correlation between the density of edge
dislocations and in-plane stress in the films suggests that
accumulation of tensile stress in Si-doped AIN is a reason for
the increase in edge dislocations. Both screw and edge type
TDs were found to increase with Ng;. However, N4, de-
creased in highly doped (Ng;>5 X 10'® cm™) AIN samples.
The most significant effect of Si-doping on structural
properties was that Ny, increased monotonically with
Ng;. A direct correlation between Ny, and the PL char-
acteristics was observed. Specifically, the emission line-
width increased linearly with increasing Ny, at a rate
of ~33%0.7 meV/10® cm™ for I, and ~26.5
+4 meV/10® cm™? for impurity transitions. The results
thus establish that PL is an effective method to estimate
Nyerew in AIN.
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