APPLIED PHYSICS LETTERS 91, 121110 (2007)

Parasitic sub-band-gap emission originating from compensating native

defects in Si doped AlGaN

K. X. Chen and Q. Dai
Future Chips Constellation, Department of Physics, Applied Physics, and Astronomy, Rensselaer
Polytechnic Institute, Troy, New York 12180, USA

W. Lee
Future Chips Constellation, Department of Material Science and Engineering, Rensselaer Polytechnic
Institute, Troy, New York 12180, USA

J. K. Kim and E. F. Schubert”
Future Chips Constellation, Department of Electrical, Computer, and Systems Engineering, Rensselaer
Polytechnic Institute, Troy, New York 12180, USA

W. Liu, S. Wu, X. Li, and J. A. Smart
Crystal 1S, Inc., 70 Cohoes Avenue, Green Island, New York 12183, USA

(Received 16 July 2007; accepted 30 August 2007; published online 19 September 2007)

The authors investigate the dependence of the photoluminescence intensity ratio between the
near-band-edge and the parasitic blue emission as a function of silane flow in n-type Al,;Gay,N. It
is found that when the silane flow rate is higher than 1.13 X 10~° mol/min, the UV-to-blue ratio is
a constant. When the silane flow rate is lower than 1.13 X 10~ mol/min, the UV-to-blue ratio
increases rapidly as the silane flow rate decreases. A theoretical model is proposed, which assumes
that the parasitic blue emission is caused by an acceptorlike compensating native defect. The model

is fully consistent with the experimental results. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2786838]

AlGaN based ultraviolet (UV) light-emitting diodes
(LEDs) are expected to have many applications such as bio-
logical agent detection, water purification, nonline-of-sight
communications, and thin film curirlg.l However, a broad
parasitic emission band in the blue-green region is often ob-
served in UV LEDs.”” There has not been a definite conclu-
sion on the origin of this parasitic emission. A similar situa-
tion occurred in the early days of the GaN research: it was
found that the room-temperature photoluminescence (PL)
spectrum of GaN samples grown by various techniques often
contained a parasitic sub-band-gap yellow luminescence
(YL) band emitting at 2.20-2.25 eV (A=552-565 nm).>"*
The ratio between the near—band—ed%e emission and the YL
intensity was reported to decrease, ® increase,” or remain
approximately unchanged10 with Si doping in different ex-
periments.

In this letter, the near-band-edge and the parasitic blue
emission of n-type Aly;Gay,N are investigated as a function
of silane flow. A detailed study is performed on the intensity
ratio between the near-band-edge and parasitic blue lumines-
cences. A theoretical model is proposed that considers an
acceptorlike compensating native defect. The results ob-
tained from the model are in excellent agreement with the
experimental results.

The n-type Alj;Gay;N samples are grown by using an
Aixtron 200/4 RF-S metalorganic vapor-phase epitaxy
(MOVPE) system. Trimethylgallium (TMGa), trimethylalu-
minum (TMALI), and ammonia (NH;) are used as precursors
for Ga, Al, and N, respectively. Diluted silane (SiH,) is used
as the n-type dopant source. In order to investigate the Si
doping effect on the parasitic blue emission, several samples
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are grown with the same layer structure but different Si dop-
ing levels. The sample structures are shown in Fig. 1. The
details about the growth conditions can be found in Ref. 11.
The top 1.35-um-thick Aly;Gay,N layers are doped using
different silane flow rates, varying from 0 (undoped) to
2.79 X 1078 mol/min (heavily doped). For the room tempera-
ture PL measurement, a frequency-quadrupled neodynium
doped yttrium aluminum garnet laser with emission wave-
length of 266 nm is used as the excitation source.
Room-temperature photoluminescence spectra of a
heavily doped and an undoped Al 3Ga, ;N sample are shown
in Fig. 2. Both samples show a sharp luminescence peak at
295 nm, which is the near-band-edge luminescence. This
will be referred to as the “UV luminescence.” For the heavily
doped Alj;Gay,N sample, there is another broad lumines-
cence band centered at around 450 nm, which will be de-
noted as the “parasitic blue emission.” The PL spectra for the
Aly3Gag;N samples doped with different silane flow rates
(not shown here) are similar with that of the heavily doped
sample. All Si doped samples show a sharp UV emission as
well as a parasitic blue emission. However, the parasitic blue
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FIG. 1. (Color online) Schematic n-type Al ;Ga, ;N sample structure grown
on the (0001) plane of sapphire substrate.
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FIG. 2. (Color online) Room-temperature photoluminescence spectra of un-
doped and heavily doped Aly3Gay ;N samples.

emission for the undoped Alj;Gay;N sample is two orders
of magnitude lower than the heavily doped sample.

The peak intensity ratio between the UV luminescence
(Iyy) and the blue luminescence (1y,.) at different silane
flow rates is shown in Fig. 3. The free carrier concentrations
of samples A-D are obtained from room-temperature Hall
measurements, as shown in the figure. It is found that when
the silane flow rate is higher than 1.13 X 107 mol/min, the
UV-to-blue ratio is almost unchanged even though the silane
flow rate changes over more than one order of magnitude.
However, when the silane flow rate is lower than 1.13
X 10~ mol/min, the UV-to-blue ratio increases rapidly as
the silane flow rate decreases. Especially when the silane
flow rate reaches zero (undoped), the UV-to-blue ratio for the
undoped Alj3Gag ;N reaches 3000.

Next, a theoretical model that considers acceptorlike
compensating native defects is developed to help understand
the observed behavior of the UV-to-blue ratio versus silane
flow. As shown in Fig. 4, the neutral (unoccupied) and nega-
tively charged (occupied) deep level concentrations are rep-
resented as N(} and N7, respectively, with the total deep level
concentration expressed as NT=N(}+ N7. Since not all the do-
nors (with a doping concentration of Np) in the n-type
Aly;Gag 7N are ionized at room temperature, the fraction of
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FIG. 3. (Color online) Peak intensity ratio between the UV and parasitic
blue emissions, Iyy/ I, as a function of silane flow rate.
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FIG. 4. (Color online) Band diagram of n-type Al,;Ga, 4N illustrating near-
band-edge UV emission and parasitic blue emission coming from a deep-
level transition.

the ionized donors is expressed as apNp, where ap is a
constant representing the ratio of ionized donors to the total
doping concentration. Under optical excitation, the electron
and hole concentrations in the n-type Al;3;Gay;N are n
~apNp+An and p~Ap (An=Ap), where An and Ap
are the excess carrier concentrations induced by optical
excitation.

The intensity of the UV luminescence can be expressed
by the bimolecular recombination with the recombination co-
efficient B,

Iyy = Bnp = B(apNp + An)Ap. (1)

The deep level transition consists of two sequential transi-
tions, (a) and (b), whose transition rates are given by

Iy = C\nNYy, ()

Lip)=CoNyp. (3)

Here C| and C, are the recombination coefficients for tran-
sitions (a) and (b), respectively. Under steady state, the tran-
sition rates of these two sequential transitions are equal, that
is,

Cll’lN(% = CzN}p . (4)

It is known that the abundance of the compensating native
defects increases with doping concentrations.'*'*!? The total
formation energy for the defects continuously decreases as
the n-type conductivity increases.'* Therefore, the depen-
dence of the deep level concentration on the doping concen-
tration can be expressed according to the power law,'

N+ Np=Npoc (Np)' (i=0,1,2,...). S

For typical compensating native defects, i is equal to 1 or 2,
that is, the concentration of the defects increases with doping
concentration. In our model, it is also assumed that the para-
sitic blue emission comes from the recombination between
electrons and neutral deep levels, Iy,.=1(,). One could also

assume that the parasitic blue emission comes from the re-
combination between holes and negatively charged deep lev-
els, Iye=1 (). Since the transition rates of these two sequen-
tial transitions are equal under steady state, there will be no
difference for the final results of the model, no matter which
of the two assumptions is used.

Next, two situations will be considered. In the low-
doping regime, apNp<<An, the ionized donor concentration
is smaller than the excess carrier concentration induced by
optical excitation. In this situation, both the electron and hole
concentrations are approximately equal to the optically ex-
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cited carrier concentration, i.e., n= p= An. Equation (4) then
yields Ny~ (C;/C,) X NY. Inserting this expression of Nj
into Eq. (5), one obtains N(;z C(Np)!, where C is a constant.
Thus, the ratio between the UV luminescence and the para-
sitic blue luminescence in the low-doping regime is

IU_V IUV Bnp An

= = oc -,
Lywe Iw CinNy  C(Np)

(6)

On the other hand, in the high-doping regime, apNp
> An, the ionized donor concentration is larger than the op-
tically excited carrier concentration. The electron and hole
concentrations are n= apNp and p~Ap=An with n>p.
This condition leads to the inequality N9<N7 in Eq. (4).
Using this inequality in Eq. (5) yields

N7=Np= (Np)' = Np=C'(Np)". (7
Inserting this result into Eq. (4) yields
C"An .
Np=——(Np)"", (8)
ap

where C’ and C” are constants. Therefore, the UV-to-blue
ratio in the high-doping regime is given by

Iy _loy _ Brp ap

= =——ox—(N ) )
Iye I CinNy C ¥

In Fig. 3, our experimental results show that the UV-to-
blue ratio is a constant in the high-doping regime. Therefore,
the exponent in Eq. (9) is given by 1-i=0 or i=1. This
implies that the deep level concentration increases linearly
with the doping concentration. The dependence of Ny Np, is
the typical signature of compensating native defects.'” Fur-
thermore, by inserting i=1 into Eq. (6), the UV-to-blue ratio
in the low doping regime becomes

Iyy  An 1

—

o« —, (10)
Iblue CND ND

That is, the UV-to-blue ratio is inversely proportional to the
doping concentration. This is fully consistent with our ex-
perimental result shown in Fig. 3, which shows that the UV-
to-blue ratio rapidly increases as the silane flow rate de-
creases. Especially for the undoped Al,;Gaj;N, the UV-to-
blue ratio reaches as high as 3000.

The above model shows that an acceptorlike compensat-
ing native defect is the likely origin of the parasitic blue
emission. The parasitic blue emission in AlGaN thus has the
same physical origin as the yellow luminescence in GaN."
In order to suppress the parasitic blue emission, the defect
density needs to be reduced. The dependence of Ny« N, im-
plies that one may reduce the compensating native defect
density by reducing the Si doping concentration. However,
due to the large donor ionization energy and the self-
compensation effect, a reasonably high Si doping concentra-
tion is required to reach good n-type conductivity in
AlGaN."® Therefore, it is not a practical choice to suppress
the parasitic blue emission by reducing the Si doping con-
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centration. An alternative choice to suppress the parasitic
blue emission would be reducing the dislocation density, es-
pecially the edge dislocations. In their study of yellow lumi-
nescence in GaN, Elsner et al.'® showed that the most favor-
able position for gallium vacancy-oxygen complexes is at the
edge dislocation core. The complexes are electrically active
and increase the intensity of the yellow luminescence in
GaN. Our study of the dependence of the parasitic blue emis-
sion in AlGaN samples on the edge dislocation density is
currently underway. The preliminary results indicate that
parasitic blue emission can indeed be strongly reduced or
even suppressed by reducing the edge dislocation density.

In summary, the UV-to-blue luminescence ratio in n-type
Alj;Gay ;N grown by MOVPE is investigated as a function
of silane flow rate. Experimental results show that in the high
doping regime, the UV-to-blue ratio is almost unchanged
even though the silane flow rate changes over more than one
order of magnitude. However, when the silane flow rate is
lower than 1.13X 107 mol/min, the UV-to-blue ratio in-
creases rapidly as the silane flow rate decreases. A theoretical
model is developed, which reveals that the parasitic blue
emission originates from acceptorlike compensating native
defects.
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