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Effect of silicon and oxygen doping on donor bound excitons in bulk GaN
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Freestanding n-type intentionally doped GaN layers grown by halide vapor phase epitaxy (HVPE) were studied
by transient photoluminescence (PL). Concentrations of silicon and oxygen were varied in the range between
10" and 10" cm™3, as confirmed by secondary ion mass spectroscopy (SIMS). We show that a reduction of
the background silicon concentration by one order of magnitude compared to the background level in undoped
samples can be achieved by incorporation of oxygen during the growth. A strong band gap narrowing (BGN) of
~6 meV was observed with increasing doping in the studied samples. The low temperature PL recombination
time for donor-bound excitons (DBEs) was found to depend significantly on donor concentration. A model
assuming generation of DBEs by capturing of free excitons by neutral donors explains the experimental results at
low temperature. From fitting the experimental DBE lifetime to the model, the donor concentration dependence
for O and Si donors could be reproduced. An effective exciton capture cross-section was found to be ~9.4 x
107" and 1.2 x 10~'* cm? for silicon and oxygen donors, respectively.
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I. INTRODUCTION

Bulk GaN is significant as a substrate material for homoepi-
taxial growth of highly efficient GaN-based light-emitting
diodes and laser diodes with long operation time.! Using
GaNlN substrates the threading dislocation density (TDD) in
the nitride active layer in devices can be reduced to the order
of TDD in the substrate. The development of GaN substrates
with low defect and impurity densities is thus an important
challenge for the semiconductor industry. Bulk GaN is also of
fundamental interest since many phenomena can be studied
regardless of stress or dislocation density in thick freestanding
GaN layers. So far the most successful technique to produce
large area GaN substrates with a relatively low concentration
of impurities is halide vapor phase epitaxy (HVPE).> High
crystalline quality of HVPE GaN material allows detailed
studies of optical phenomena related to properties of excitons
and its electronic structure.>* A number of results has been
reported about donor-bound exciton (DBE) recombination dy-
namics in GaN.>® Atlow temperatures, the photoluminescence
(PL) decay of DBE transitions is determined mainly by the
radiative recombination processes. However, previous studies
have shown a large variation in the PL recombination time of
DBEs,”® which partly can be explained by a poorer quality of
stressed GaN layers grown heteroepitaxially. Despite a recent
progress in the synthesis of the high-quality homoepitaxial or
bulk GaN layers, the value of the radiative recombination time
for DBE in GaN is still uncertain. The possible reason for
that is the different level of residual (background) shallow
impurities in the material. Unintentionally n-type doped
HVPE GaN usually has donor concentrations of the order of
10'7-10'® cm=3.% Silicon and oxygen, the two main shallow
donors in GaN, are typically responsible for the rather high
background impurity levels. Silicon is released into the HVPE
reactor chamber during the growth due to etching of the quartz
parts. Silicon has a slightly shallower energy level compared
to oxygen and is more suitable for doping purposes, since
it does not produce acceptor-like complexes with vacancies
at the growth temperature and consequently impacts more
efficiently the density of electrons in the active layer of devices.
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However, a high concentration of oxygen, responsible for
formation of undesirable deeper acceptor levels related to Ga-
vacancy-oxygen (Vg,-On) complexes, '” is also detrimental. In
addition a varying concentration of dopants in GaN substrates
can cause instability of the growth process since the substrate
temperature during epitaxial deposition depends on infrared
absorption, which in turn depends on doping. Also, a high
background concentration of impurities in substrates can result
in an undesirably increased level of dopants in the active layer
of devices. From this point of view it is critical for both device
applications and for fundamental understanding to control
concentration of donors in GaN substrates. In this paper we
study how intentional doping by silicon and oxygen affects
low temperature recombination of DBEs in HVPE bulk GaN.
We demonstrate that the concentration of silicon in GaN can
be reduced by using a moderate intentional doping of oxygen.

II. EXPERIMENTAL DETAILS

The fabrication of bulk GaN samples was done in a vertical
HVPE reactor at ~1000 °C-1040°C at atmospheric pressure
on 2-pum-thick GaN templates grown by metal organic
chemical vapor deposition (MOCVD) on 2-inch c-oriented
sapphire substrates. For details about the reactor see Ref. 11.
N, or a mixture of N, and H,, was used as a carrier gas.
The NHj3 and HCI flow rate was 2 1/min and 75 ml/min,
respectively, and the total carrier flow including precursor
carrier gases was 17 1/min. With these process parameters, the
growth rate of GaN was about 150-200 wm/h. GaN samples
were intentionally doped. 200 ppm of O, diluted in N, or
200 ppm of SiHy diluted in H, was mixed with a carrier gas
to get a doping level in the range of 10'7-10'® cm™3. The
average donor concentration for each sample was confirmed
by secondary ion mass spectroscopy (SIMS) measurements
and presented in Table I.

The dynamics of exciton recombination was studied by
time-resolved PL (TRPL) with excitation by the third harmon-
ics (A, = 266 nm) from a Ti:sapphire femtosecond-pulsed
laser with a frequency of 75 MHz. The laser power density
was 100 W/cm?. A Hamamatsu syncroscan streak camera
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TABLE I. Oxygen and silicon concentrations measured by SIMS
in HVPE GaN samples.

Sample Doping, cm~?
(0] Si

Blundoped 1.0 x 10'®-background 1.0 x 10'7-background
B2 1.7 x 10'®-background 1.0 x 107

B3 3.0 x 10'°-background 1.3 x 10"

B4 2.2 x 10"®-background 5.5 x 10"

B5 1.6 x 10"7 1.0 x 10'®-background
B6 4.1 x 107 1.4 x 10'°-background
B7 5.6 x 10" 6.0 x 10'"®-background
B8 8.2 x 10" 2.0 x 10'®-background
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with a temporal resolution of ~20 ps was used for detection
of the TRPL signal. Cross-sectional transmission electron
microscopy (TEM) was made for the structural qualification
of the bulk GaN material using an FEI Tecnai G2 200 keV
FEG instrument.

III. RESULTS

The studied GaN layers are usually self-separated from
the sapphire substrate and can be considered as stress-free
quasi-bulk samples. In such thick layers we can neglect the
influence of threading dislocations on the PL decay time.'”
The density of structural defects decreases with increasing
layer thickness, as shown in Fig. 1, where cross-sectional TEM
images demonstrate a rapid evolution of crystal quality in GaN
samples. We have found that after self-separation from the
sapphire substrate, the interface region is severely defected and
has very high dislocation and stacking fault density [Fig. 1(a)].
The TDD reduces from ~10° cm~? in the 20-pm-thick layer
[Fig. 1(b)] to ~10® ecm™? and to ~5 x 10° cm™2 in the
layer with the thickness of 400 um [Fig. 1(c)] and 1 mm

m thick layer
" By ]
[0001]

400 pm thick lay

—
[0001]

FIG. 1. Cross-sectional TEM images of the HVPE freestanding
GaN samples showing (a) interface region after self-separation from
the sapphire substrates, (b) typical area of a 20-pum-thick layer, (c)
layer with thickness of ~400 pum, and (d) a 1-mm-thick layer.

FIG. 2. (Color online) Oxygen concentration in GaN samples as
a function of silicon concentration. Points correspond to the average
values obtained by SIMS. Donor concentrations for the oxygen and
silicon-doped GaN samples are shown by the open and closed signs,
respectively. The dashed lines are guides to the eye.

[Fig. 1(d)], respectively. In the studied samples TDD was
in the range of ~10° cm~2, which means that the distance
between dislocations is much larger than the diffusion length
of 60-80 nm related to excitons in GaN."3

InFig. 2 an average oxygen concentration vs silicon concen-
tration, determined by SIMS for each sample, is plotted. Open
diamonds correspond to the GaN layers intentionally doped by
oxygen, while closed squares are related to the samples doped
by silicon. SIMS analysis revealed an interesting fact, namely,
that intentional doping with oxygen reduces simultaneously
the concentration of silicon donors, but not vice versa. By
introducing oxygen in the range of 8 x 10'7 cm™ we could
decrease the concentration of silicon to 2 x 10" c¢cm™.
This can be understood as follows. The concentration of Ga
vacancies in n-type GaN is promoted by O doping,'* and
this effect has been explained by formation of stable Vg,-On
complexes during growth. In case of doping by both Si and O,
the Vg, will preferably bind to O since the binding energy of
the Vg,-On complex in the range of ~1.8 eV is much larger
than the binding energy of 0.23 eV for the V ,-Sig, complex. '
The Vg,-Sig, complex is therefore not stable at the growth
temperature used. Thus, we suggest that the oxygen will
suppress the incorporation of Si on Ga sites due to a competing
process of V,-On formation. However, a high level of oxygen
in GaN is undesirable since, as mentioned, it forms complexes
with Ga vacancies responsible for carrier compensation and
yellow luminescence (YL). Therefore, a relatively low doping
by oxygen in the range of ~1 x 107 cm~3 allows a rather
drastic decrease of the Si concentration to ~1 x 10'® cm~—?
without noticeably increasing YL.

The effect of doping on near-band gap emission properties
was studied by TRPL. Time-integrated PL spectra measured
at 2 K are shown in Fig. 3 for silicon- and oxygen-doped GaN
layers. A typical PL spectrum for an undoped free-standing
HVPE GaN sample is also presented for comparison in
Fig. 3(a). Such bulk GaN samples are unintentionally n-type
doped. PL spectra for samples with low concentration of
silicon in Fig. 3(b) or oxygen in Fig. 3(c) are dominated
by DBE recombination at ~3.47 eV, which is very close
to a typical DBE energy in freestanding unstrained GaN
material.>® The PL band in this case is an overlap of two
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FIG. 3. (Color online) Low temperature (2 K) PL spectra for
(a) undoped GaN layer, (b) two GaN layers intentionally doped by
silicon, and (c) two GaN layers intentionally doped by oxygen. Donor
concentrations are indicated in the plot.

peaks originated from transitions related to excitons bound to
silicon and oxygen, respectively. These two peaks are clearly
resolved in the undoped GaN sample, as shown in Fig. 3(a).
A full width at half maximum (FWHM) of the conjugate
DBE line in our samples is shown in Fig. 4 as a function
of the total shallow donors concentration, i.e., as the sum
of oxygen and silicon concentrations determined by SIMS.
The FWHM depends on doping concentration and varies from
1.3 meV to 2.3 meV for the lowest and highest doped GaN
layer, respectively. The line broadening is expected due to an
increasing donor density and consequently with the enhanced
overlap of their wave functions. This is also consistent with
a pronounced asymmetric Lorentzian shape of the DBE line
for samples with the donor concentrations of 5 x 10'7 cm™3
or higher. It can indicate that the homogeneous broadening of
the bound exciton becomes comparable to the inhomogeneous
broadening caused by strain and structural imperfections

3.0
T=2K DBE-line
26
3 22 a2 ey
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E . e —
E 1.4
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FIG. 4. (Color online) PL line width at low temperature as the
function of the total donor concentration. The solid line is the guide
to the eye.
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when the PL line shape is determined by overlapping several
Lorentzian curves and the cumulative curve can be described
by the Gaussian function. Though the Lorentzian lineshape is
related to the radiative lifetime of the DBE states at 2 K, several
nonradiative decay processes such as multiphonon emission or
tunneling of the excitons or holes to another impurity center
might contribute to the experimental lifetime. However, it is
shown by Sturge et al. (Ref. 16) for N-doped GaP that the
quantum efficiency at 2 K can be considered as close to 100%
with good accuracy.

We have observed a relatively large shift of the DBE
line position to the lower energy with increasing donor
concentrations, which is in qualitative agreement with results
for cubic GaN.!” The maximal change of the DBE peak energy
was found to be as large as 6 meV at the maximal doping
level of 8.8 x 10" cm™ in our samples. This result can
be explained by the band gap narrowing (BGN). We have
estimated the BGN using the model developed by Jain et al.'®
for n- and p-type semiconductors. For n-type GaN we write
the following equation for the BGN:

AE, 183 095

3/4
R* rg rs/

7 1 ! mj !
+Er3ﬁ +m*e . (1)

Here, R* is the effective Rydberg energy

R* = m’e*)2n%e?,

and r, is the average distance between electrons, normalized
to effective Bohr radius

(%JTN)I/3mje2

b 4meh?

where m} and mj are electron and hole effective masses,
respectively. The first term in Eq. (1) was obtained from the
exchange energy of the majority carriers, the second and the
third terms are correlation and impurity interaction energy,
respectively.'® We have calculated the BGN according to
Eq. (1) using 0.18m( and 1.61m, for the electron and heavy
hole effective masses, respectively.'” The DBE peak position
is expressed as

Eppp=EQgs—AE,, )

where EJg. is related to the peak position energy of the
DBE in undoped GaN. Results of calculations together with
experimental PL peak energies are shown as a function of
donor concentrations for samples doped with silicon and
oxygen in Figs. 5(a) and 5(b), respectively. The model is
in a good qualitative agreement with experimental data and
supports the large effect of BGN in GaN even at moderate
doping concentrations. The shift of the PL peak to lower
energies becomes even more pronounced in highly doped GaN
1ayers;2° however, for carrier concentrations above the Mott
density, the Burstein-Moss shift of the absorption edge to the
higher energies has to be taken into account.”’?> Since we
study here relaxed bulk HVPE GaN we can likely neglect the
strain effect on the PL peak position observed in both undoped
and Si-doped samples.?*?*

Taking into account the large influence of doping on
the position of the DBE PL line, we have examined the
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FIG. 5. (Color online) DBE PL peak energy vs (a) silicon and (b)
oxygen concentrations. The experimental points are shown by signs
and the calculations according Eq. (2) by the solid lines.

effect of doping on the PL lifetime of the DBE. Analysis
of low temperature TRPL revealed a rather different transient
behavior of PL for the DBE transitions depending on doping
in the samples. The recombination time 7 can be expressed as
contribution of radiative (t,) and nonradiative (7,,;) times as
follows:

1/t =1/t + 1)1y

Nonradiative recombination channels become significant
at elevated temperatures since they are typically activated
according to 1, = A exp(—E,/kT). Indeed, studies of the
DBE thermal behavior have shown that the PL recombination
time decreases rapidly for temperatures above 20 K, as
reported previously in GaN.>> Thus, at the low temperature of
2 K the DBE PL lifetime is determined mainly by the radiative
recombination time. A number of low-temperature PL decay
curves measured at the DBE peak position are plotted for the
GaN layers doped with Si and oxygen in Figs. 6(a) and 6(b),
respectively. We obtain the DBE lifetime from fitting of the PL
transient data using a single exponential decay law, as shown
by thick solid lines in Fig. 6. Extracted values (shown by signs)
are plotted as a function of doping concentration in Fig. 7. It
is clear that the PL decay times at 2 K for the DBE transition
depends on the identity of the dopant atom (i.e., if it is silicon
or oxygen) and on the donor concentration. Undoubtedly, the
recombination time decreases with increasing silicon and/or
oxygen concentrations in the HVPE GaN layers. Subsequently
we consider a model describing the experimental results.

PHYSICAL REVIEW B 84, 165213 (2011)

(a) T=2K Si-doped GaN

1.0x1017 cm-3

1.3x1017 cm-3

1@:&1 T)W cm-3

0: 1.6x1017 cm™3
Si: 1.0x1076 ¢m-3

PL intensity (log. scale)

undoped GaN
DBE(O)

‘ DBE(Si)

0 500 1000 1500 2000 2500
Time (ps)

FIG. 6. (Color online) (a) Low-temperature PL decay curves
measured at the DBE PL peak energy for the GaN layers doped
by silicon. The graphs are vertically shifted for clarity. (b) The PL
decay curves at 2 K shown for the DBEs in the undoped and in the
oxygen-doped GaN samples. Thick solid lines show fitting by a single
exponential decay law.

IV. MODELING OF THE DBE PL TRANSIENT RESULTS

In GaN, which is a direct wide bandgap semiconductor,
the radiative recombination rate for free excitons (FE) is high.
However, the main radiative recombination processes at low
temperatures, as it is seen from the PL spectra, occur for the
bound excitons (in our case, DBEs). An accurate quantitative
analysis is complicated since the time dependencies of the
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FIG. 7. (Color online) DBE lifetime at 2 K extracted from the fit
of the experimental PL decay curves vs donor concentration. The data
obtained for the silicon- and oxygen-doped GaN samples are shown
by circles and triangles, respectively. Theoretical fitting according to
Eq. (12) is shown by the dashed lines.
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concentrations for carriers, excitons, and neutral donors have
to be described using a set of nonlinear differential equations
presented, for example, in Ref. 26. However, the analytical
expression for the radiative lifetime in Ref. 26 was obtained
for a very simplified model considering a coupled system
described by one common radiative decay rate. We instead use
the following approach. The PL rise time (z,) for the bound
excitons is longer than the PL rise time for free excitons. In
addition with the absence of the FE line in PL in our samples,
it allows us to assume that after excitation a number of free
excitons can be formed, which then can be quickly trapped
by donors. Thus, the main process of the DBE formation is
caused by capturing of FEs. For simplicity, we consider only
the donors with a dominating concentration. Then, for the
temporal change of the bound exciton concentration n, we
can write

d}’lb
dt

Here, y is a radiative recombination rate of bound excitons,
git 1s the re-emission of FE by a donor, and 7; is the capture rate
of free excitons by donors and depends both on concentrations
of FE, n, and the unoccupied neutral donors, which still can
capture an FE. Thus, we can express

=—ynp,+ri—gr. 3)

ri = aN;[1 — f]n. @)

Here, N; is the total concentration of neutral donors,
N;[1 — f] is the concentration of neutral donors without
captured excitons, f is the probability to capture an FE, and «
is the capture coefficient for donors.

For re-emission we use

gr = BN f. (5)

Here, B is the reemission coefficient, which depends on
temperature and the binding energy of the exciton to donor,
and N; f is the concentration of donors with captured excitons,
i.e., DBE, n,,.

We may assume that equilibrium is established between
free and bound excitons even at nonselective excitation, at
least if the temperature is not too low. Then, from the detailed
balance between capture and emission processes we have the
relation between « and S,

ri = &iT,

and consequently, using Egs. (4) and (5), we write

aN;[1 — folno = BN fo. (6)

Here, fy is an equilibrium probability to capture free
excitons, which behave generally as bosons and consequently
follow Bose-Einstein statistics fy = m, where p is the
chemical potential for an exciton.?” Since the exciton density
is rather low in our samples we can approximate with the
Maxwell-Boltzmann law f; = W to describe fj even at
low temperatures. Consequently, fj is expressed as

no

fo=—. )
ny

where the term n; = nge ~#%/*T depends on ionization
energy of donors and temperature.
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Then, Eq. (6) gives

%no = a(n — ny). (8)

B=a"
=«
Jo
We assume in our model that FE and DBE have the same
spatial distribution, and that the emission comes from the
region of the excitation (~50 nm under the experimental
conditions), which is reasonable in the case of the doped
samples in distinction from undoped GaN.?
Thus, Eq. (3) can be written as
df

NiE =—yN;f+aNn(— f)—aNn —no)f. (9

InEq. (9) weexpressn = ng + énand f = fy+ 5f, where
6n and 8f are the deviation of FE and probability to capture
excitons, respectively, from equilibrium conditions.

Taking into account Eq. (7) we get

asf
NiW = —y N, fo— yNidf +aN;én(l — fo)
— aN;(ny + 5n)Sf. (10)

At low temperature we can assume that én 4+ N;§f =0,
which means that free excitons are captured by donors before
they recombine radiatively, which is reasonable for our doped
samples that show no FE-related line in the PL spectra. Thus,
we write Eq. (9) as

dsf
Ni—— = —yN; fo — Nidf(y +aN;(1 - fo)

dt
+n1 — Nidf)). (1)

The term y + aN;((1 — fo) +n; — N;6f) describes the
recombination rate of DBEs. Assuming that &f is small
compared to the equilibrium value, we get a recombination
time for the DBE, which can be expressed in the following
form:

1

= 12
oz (v (12)

The term Nio = N;(1 — fo) describes equilibrium concen-
tration of neutral donors, which can capture free excitons.
The model takes into account only one type of donor,
which is a reasonable approximation in our case, when
samples were intentionally doped with concentrations ex-
ceeding background by one order of magnitude. Theoretical
predictions of the radiative lifetime for bound excitons within
the spherical effective-mass approximation for different III-V
semiconductors such as GaAs, InAs, and InP were done by G.
D. Sanders et al. (Ref. 28). Comparison to the experimental
data for the DBE has revealed a disagreement within an order
of magnitude. The discrepancy was explained by the larger
number of the DBE rotational excited states.”

The best fitting of experimental recombination time using
Eq. (12)is shown in Fig. 7 by the dashed lines. The obtained fit-
ting parameters y + on; and a(1 — f) can be used to estimate
the low limit for the radiative recombination time (t, = %) for
DBE and the upper limit for the exciton capture cross-section
S (¢ = Svr) at 2 K, respectively. This rough estimation
suggests that the radiative time for silicon and oxygen donor is
exceeding 320 ps and 1.25 ns, respectively. This is consistent
with the results for lower doping concentrations in Ref. 8. The
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upper limits of the effective exciton capture cross-section for
the silicon and oxygen donor were determined to 9.4 x 1071
and 1.2 x 10~'* cm?, respectively, using a free exciton thermal
velocity of 7.1 nm/ps at 2 K obtained from

U = +/ 3kBT/mex.

Here, an exciton effective mass m,, in wurtzite GaN was
calculated using the electron and the heavy hole effective
masses of 0.18m and 1.61m, respectively.'”

V. CONCLUSIONS

We have studied intentionally doped n-type GaN free-
standing layers grown by HVPE. Silicon and oxygen were
used as dopant atoms. We find that a moderate doping in
the range of 10'7 cm™ results in a drastic decrease of the
silicon doping to 10'® cm™, which is less than a typical
background Si-doping concentration of 10'7 cm™3 in the
undoped GaN samples. It appears that oxygen suppresses
the incorporation of Si on Ga sites by a competing process

PHYSICAL REVIEW B 84, 165213 (2011)

of Ga-vacancy-O complex formation during growth. There
is a strong effect of doping on BGN revealed by a 6 meV
lower energy shift of the DBE peak position while doping
increases only one order of magnitude. A significant influence
of doping was demonstrated also on the low temperature PL
lifetime of the DBE. We have suggested a model explaining
the dependence of the low temperature recombination rate
for the DBE transition on doping concentration. From fitting
the experimental lifetime for the DBE, a lower limit for the
radiative time of exciton bound to Si and O is estimated to
320 ps and 1.25 ns, respectively. The upper limits of the
effective capture cross-section are 9.4 x 107" and 1.2 x
10~'# ¢cm? for Si and O donors, respectively.
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