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Blue emission band in compensated GaN:Mg codoped with Si

B. Han, J. M. Gregie, and B. W. Wessels*
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Codoping ofp-type GaN with Mg and Si was investigated to determine its effect on deep level lumines-
cence. By codoping with Si, the absolute intensity of the 2.8-eV blue luminescence band, previously tentatively
attributed to deep donor-acceptor-pair~DAP! emission, decreased by more than an order of magnitude. The
observed decrease is attributed to the reduction of the concentration of deep donor nitrogen vacancy com-
plexes. The dependence of the emission peak position on hole concentration was investigated. A blueshift was
observed with increasing carrier concentration. The shift of the blue band with carrier concentration and
excitation intensity is explained semiquantitatively by a potential fluctuation model indicating its importance in
DAP recombination.
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I. INTRODUCTION

Bipolar doping in wide-band-gap semiconductors such
GaN is difficult because of compensation by native defe
or impurities.1,2 Although high-conductivityn-type GaN is
readily achieved,p-type material is much more difficult to
attain.3 It has been shown that inp-type GaN, compensation
by hydrogen donors and by nitrogen vacancy donors i
factor that leads to highly resistive material.4 While hydro-
gen donors can be eliminated either by low-energy electr
beam irradiation3 or by a N2-ambient thermal annealin
above 900 K,5 elimination of native donors, such as the n
trogen vacancy (VN) and its complexes, remains a more s
rious problem and represents the ‘‘doping limit’’ of p-type
GaN.6,7

To minimize the formation of deep donor defects in Ga
codoping with shallow donors has been proposed.4,8 Theory
predicts that the formation energy of charged defects
impurities, which determines their equilibrium concentratio
depends on the Fermi level.4 The level in turn can be con
trolled through codoping with appropriately charged impu
ties. An example of the effect of codoping is that of hydrog
in p-type GaN.4,9,10Incorporation of hydrogen during growt
suppresses the formation of nitrogen vacancy donors.4 The
hydrogen can be subsequently removed by annealing at
temperatures in nitrogen, thus activating acceptors.4 Never-
theless, compensation by native defects still limits the h
conductivity in GaN:Mg layers even after hydrogen codo
ing and removal.7,11 Meanwhile, only under certain restric
tive conditions~e.g., low formation energy of the hydroge
defect, low activation barriers to dissociate the H-impur
complex, and high diffusivity of the H atom! can hydrogen
passivation be applied to suppress native defect compe
tion and increase free-carrier concentration in wide-g
semiconductors.4

Yamamoto and Katayama-Yoshida proposed that hig
conductivep-type GaN can be achieved by deliberate, sim
taneous incorporation ofp-type dopants and controlle
amounts ofn-type dopants.12 Several studies have confirme
these predictions.8,13–16Korotkov, Gregie, and Wessels15 and
Kipshidze et al.16 observed improvedp-type conductivity
0163-1829/2003/68~4!/045205~7!/$20.00 68 0452
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upon oxygen donor codoping through a decrease of the
ceptor ~Mg! activation energy in GaN and AlGaN, respe
tively. However, the different mechanisms by which t
codoping method leads to high conductivity are not well
tablished and remain controversial. Indeed, using fi
principles total-energy calculations, Zhang, Wei, and Y
predicted that under thermal equilibrium neither higher so
bility of desired~p-type! dopants nor shallower acceptor le
els in semiconductors can be achieved by codoping.17

In this work Mg-doped GaN has been codoped with t
shallow donor Si to suppress the formation of native dono
Photoluminescence~PL! measurements were carried out o
deliberately codoped material to determine the effect of sh
low donor incorporation on deep donor-acceptor-pair~DAP!
luminescence associated with nitrogen vacancy comple
Upon Si codoping, the intensity of the blue DAP band
p-type GaN decreased by more than an order of magnitu
For heavily Si-doped,n-type films, the band is completel
quenched. These results indicate that native defect forma
can be efficiently suppressed by means of codoping the fi
with n-type dopants. This approach to defect control is g
erally applicable to wide-band-gap semiconductors.

II. EXPERIMENTAL DETAILS

Mg-doped and Mg-Si codoped GaN films were grown
atmospheric pressure metal-organic vapor phase epi
~MOVPE! on c-plane sapphire substrates. Ammonia (NH3)
and trimethylgallium~TMGa! were used as reactants, an
hydrogen was the carrier gas. The source materials for
and Si are bis~cyclopentadienyl!magnesium (Cp2Mg) and a
100-ppm silane (SiH4) mixture in H2 , respectively. For
these studies a multilayer structure was used. Film gro
was initiated with a low-temperature GaN buffer layer, fo
lowed by a 500-nm insulating, Mg-doped layer. The Mg-
codoped layer, 0.5–1-mm thick, was subsequently grown a
1030 °C. The codoped films were annealed for 15 min in2
at 850 °C to eliminate hydrogen.

Photoluminescence measurements were made betwee
and 350 K using a closed-cycle He cryostat. The sam
temperature was measured with a carbon temperature se
and stabilized by a temperature controller at temperatu
between 17 and 350 K. A He-Cd laser~photon energy 3.81
©2003 The American Physical Society05-1
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eV! was used as an excitation source in the reflection c
figuration. The PL signal was dispersed by a 0.75-m SP
grating monochromator and detected by a Hamamatsu
tomultiplier tube R928 and a photon counting system. T
excitation intensity was varied over the ran
1025– 3.2 W/cm2 using calibrated neutral density filters.

Van der Pauw measurements were conducted at r
temperature. Either In or Ni/Au were used as contacts.
magnetic field was 3200 G. The applied currents were
tween 0.01 and 0.1 mA.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Effect of codoping on PL intensity of the blue band

PL spectra for Mg-doped and Mg-Si-codoped films we
measured at 17.5 K. At a high Mg concentration, a bro
blue band peaked around 2.8 eV is observed in the M
doped GaN as shown in Fig. 1. The origin of the blue ba
remains controversial. It was previously attributed to el
tron transitions from the conduction band~or a shallow do-
nor! to a deep acceptor level,9,18 a Mg complex,19,20 or a

FIG. 1. PL spectra for heavily Mg-doped and Si-codop
samples taken at 17.5 K and 41 mW/cm2. The absolute intensity o
the blue band inp-type GaN decreased steadily with increasing
flow rate. The dotted line shows that the band is complet
quenched inn-type material with over codoping of Si.
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DAP emission involving a MgGa acceptor and a dee
donor.21–23Nevertheless, previous work of our group as w
as of others’ supported the DAP model in which the de
donor was attributed to a nitrogen vacancy or rela
complex.11,21–24

As shown in Fig. 1, band-edge emission is quenched
the heavily doped films,25 which is consistent with previous
PL results of heavily Mg-doped GaN,21,22,26–28e.g., when the
Mg-doping concentration is larger than 2.531019 cm23.21,22

A band-edge emission band is not typically observed wh
the blue band dominants inp-type GaN:Mg.11,18,24,29 The
quenching of the band-edge emission presumably res
from the increase of other competitive radiative recombi
tion channels~e.g., blue emission band! and nonradiative
centers by heavy Mg doping or Mg-Si codoping.

To determine the effect of Si codoping on the blue ba
emission intensity inp-type GaN, a series of Mg-Si-codope
films were grown at a constant Mg flow rate, while the flo
rate of Si was varied. The growth conditions and the elec
cal characteristics for this series of films are summarized
Table I.

Figure 1 shows the PL spectra for this series of codo
samples at a constant excitation level. Since the maxim
peak position of the blue band depends on temperature
excitation intensity, all the PL spectra in Fig. 1 were me
sured with an excitation density of 41 mW/cm2. The excita-
tion power was kept at a relatively low level to avoid sat
ration of the PL emission. However, the intensities of t
blue band are high enough to allow comparison of the
intensity among different samples.

The dominant emission band in thep-type Mg-Si-
codoped samples was also around 2.8 eV at 17.5 K.
shown in Fig. 1, the measured intensity of the blue band
p-type GaN decreased with increasing Si doping. Compa
to a Mg-doped film grown under similar conditions, b
without Si, the absolute intensity of the blue band forp-type,
Si-codoped, GaN decreased by more than an order of m
nitude. When the Si-dopant concentration was very high,
film converted ton-type. In that case, no blue band can
observed~as shown with a dotted line in Fig. 1!, and an
emission band with a zero phonon line peaked at 3.28
dominates the spectrum.

The quenching of the blue band is attributed to suppr
sion of the deep native donor formation by incorporation
the shallow donor—Si, which is discussed later. To det

i
y

1

TABLE I. Electrical characteristics of Mg-doped and Si-codoped samples.

Sample
number

Mg
~mmol/min!

Si
~nmol/min!

p
(31017 cm23)

r ~V cm! Activation energy
of donor ~eV!

G ~eV!

JG 136 0.18 0 2.5 2.6 0.25 0.087
JG 138 0.18 0.28 3 1.8 N/A 0.072
JG 140 0.18 0.56 1.5 3.9 0.24 0.14
JG 141 0.18 1.12 2 3.2 0.25 0.107
JG 142 0.18 2.24 3 2.2 0.072
JG 148 0.18 4.48 55a 0.09

aIndicatesn-type material.
5-2
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mine the nature of the defects involved in the blue ba
observed in codoped samples, the temperature dependen
the emission intensity was measured. The quenching of
PL intensity with increasing temperature for Mg-doped a
Mg-Si-codopedp-type films is shown in Fig. 2. The blu
band quenches in all three samples at temperatures a
150 K. The quenching is attributed to the thermal release
trapped electrons from a deep donor state.24,30 The tempera-
ture dependence of the blue band intensity can be anal
using the equation

I ~T!5I 0 /@11A exp~2ED /kT!#, ~1!

whereED is activation energy of the donor andA is taken to
be a temperature-independent constant. The measured a
tion energies for the samples are summarized in Table I.
quenching curves indicate that the thermal depth of the do
is 24565 meV for all the epilayers studied. Consequen
the donors involved in the DAP emission band remain
changed with and without Si codoping. This leads to
conclusion that the donor responsible for the blue DAP em
sion is identical in the Mg-doped andp-type Mg-Si-codoped
samples. Since the PL intensity decreases with increasin
flow rate and the blue band dominates the low-tempera
PL spectrum for solely Mg-doped GaN, the donor cannot
attributed to the shallow donor SiGa or a Si-related complex
Otherwise an increase of the blue band intensity, rather t
a decrease, should be observed with increasing Si flow
The luminescence quenching is attributed to a decrease in
deep donor concentration.

Nonetheless, it is expected that there is a concurrent
crease in the shallow donor~Si! concentration, as ultimately
indicated by the conversion of the films ton type at a high
Si-codoping level. This explains why a monotonic change
hole density with increasing Si flow rate was not observed
Table I ~see Ref. 31 for details!. The observed dependence

FIG. 2. Temperature dependence of the blue band emissio
tensity in Mg-doped and Si-codoped samples. Solid lines are
based on Eq.~1!. The calculated activation energy for donors
different samples is 24565 meV.
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consistent with other codoping studies@for Mg-O-codoped
GaN or AlGaN,16 for Mg-Si-codoped GaN,32 and for Mg-Zn-
codoped GaN~Ref. 33!#, in which no monotonic change o
hole concentration was observed with increasing codop
density.

It should be noted that similar concentration quenching
the blue DAP emission was previously observed for cod
ing with shallow oxygen donors in GaN:Mg by Korotkov
Gregie and Wessels.8 In that work, the absolute intensity o
the blue band was also found to decrease with increa
oxygen incorporation. It was concluded that the oxygen
nor was not involved in the blue DAP band.

The quenching of the blue band with Si codoping m
also result from an increase of other competitive radiative
nonradiative channels, instead of a decrease of one of
centers involved. To confirm that the quenching of the b
band indeed results from a decrease of the deep donor
centration, it’s important to determine whether the blue ba
is observed in then-type codoped sample, under differe
temperatures and low excitation densities.

The PL spectra of then-type codoped film were measure
at different temperatures~20–300 K! and excitation densities
~0.0014–3.2 W/cm2!. No evidence of the blue band is ob
served. Figure 3 shows the temperature dependence o
PL spectra of then-type codoped GaN at a low excitatio
density of 1.4 mW/cm2. A 3.2-eV emission band dominate
the PL spectra over the entire temperature range. The 3.2
band is attributed to electron transition from the conduct
band or a shallow donor to a Mg acceptor.18,24,34 The PL
intensity of the 3.2-eV band increased linearly with the e
citation power up to 3.2 W/cm2. The shape of this band wa
almost invariant over the entire power range and no b
band was observed. The 3.2-eV band redshifts by more
100 meV between 20 and 300 K at an excitation density

in-
ts

FIG. 3. PL spectra for then-type Mg-Si-codoped GaN at differ
ent temperatures~20–300 K! under a low excitation density of 1.4
mW/cm22. The inset shows the temperature dependence of
3.2-eV luminescence band intensity.
5-3
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1.4 mW/cm2. This band is thermally quenched above 130
but no other band emerges. The quenching is attribute
thermal release of trapped holes from a deep acceptor sta
ann-type film.30 As shown in the inset of Fig. 3, the quenc
ing is well described byI (T)5I 0 /@11A exp(2EA /kT)#,
whereEA is the activation energy of the acceptor for therm
quenching in then-type film. The resulting value ofEA is
210 meV. This value is consistent with the ionization ene
of MgGa determined from optical measurements, which w
reported to be about 200 meV.21,24,34The acceptor activation
energy determined in then-type codoped film is very close t
those inp-type codoped films, which is calculated in the ne
section to be 22565 meV. This indicates that the same a
ceptors (MgGa) are present in bothn- and p-type codoped
films. The fact that the blue band was only observed
p-type but not inn-type films is a consequence of the su
pression of deep donor formation in then-type films.

The observed quenching of the blue band with addition
shallow donors is consistent with calculations for the dep
dence of native defect formation energy on Fermi ene
reported by Van de Walle.35 In these calculations, the forma
tion energy of the compensating native donor increases
Fermi energyEF , which in turn depends on the shallo
donor concentration. This deliberate shallow donor addit
leads to the decrease of the concentration of native don
Consequently, a decrease of the absolute intensity of the
DAP band would be expected.8,11 In the extreme case in
which the film is converted ton type by heavy Si codoping
no blue band is observed, even at a low excitation densit
the entire temperature range studied. This is consistent w
high formation energy of the native donors inn-type
samples, as predicted by Van de Walle.35

Si is not highly diffusive inp-type GaN and cannot b
eliminated as easily as hydrogen by postgrowth treatme4

Therefore, in order to decrease the total concentration of
nors inp-type GaN by codoping with Si, the reduction of th
native donor~nitrogen vacancy or its complexes! concentra-
tions must be larger than the increase of Si concentratio

To determine quantitatively the effect of addition of Si o
the reduction of deep donors, the dependence of deep d
formation on Fermi level needs to be considered. The e
librium concentration of the native defectND(VN) and its de-

pendence on formation energy is given byND(VN)

5Nsitesexp(2Ef/kT). The formation energyEf , in turn, is a
function of the Fermi level:35

Ef~GaN:VN!5Etot~GaN:VN!1mN1qEF , ~2!

whereEtot is the formation energy of the neutral defect,EF is
the Fermi level,mN is the chemical potential, andq is the
charge state of the defect. Following the argument by Ka
mann et al.,7 in the Mg-doping range 531018<NA<1
31020 cm23, the VN

21/VN
31 donor level is higher than the

Fermi energy.VN
31 is the stable charge state ofVN andq in

Eq. ~2! is restricted to 3.
On the other hand, the Fermi level can be increased

adding shallow donors. In highly compensatedp-type GaN,
the dependence of Fermi energy on Si donor incorpora
is36
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NA

~NA2ND!ND
dND~Si! , ~3!

whereNA the concentration of acceptors,ND the total con-
centration of donors, andND(Si) the concentration of Si in the
GaN layer. When present, Si is the dominant compensa
defect in p-type GaN at 1300 K,4 ND'ND(Si) . When NA
.ND , Eq. ~3! reduces todEF5kTd ln(uNd(Si)u). Combining
Eqs.~2! and~3!, it follows thatND(VN) decreases withEF in
the following:

dND~VN!5
1

kT
@Nsitesexp~2Ef /kT!#~23dEF!

52ND~VN!@3duND~Si!u#. ~4!

Equation~4! shows thatd lnuND(VN)u523d lnuND(Si)u . Con-
sequently, when Si is incorporated intop-type GaN, the
Fermi level increases and the reduction ofNd(VN) is more

than the increase ofNd(Si) because of the differences i
charge states of the nitrogen vacancy and Si inp-type GaN.
Although Si cannot be removed as hydrogen after grow
codoping p-type GaN with Si can still improve electrica
properties of thep-type material by reduction of deep do
nors, as well as optical properties by removal of optica
active donor centers.

A similar process can circumvent the problem of se
compensation by native defect centers in other wide-ba
gap semiconductors as long as the dopant impurity~e.g., Si!
is the dominating compensation defect at growth conditio
and the charge state of native defects is larger than that o
impurity codopants.

B. Properties of the blue emission band in compensated
p-type GaN

The dependence of emission energy on excitation po
of the blue band was studied to determine the role of pot
tial fluctuations in heavily compensatedp-type GaN. Figure
4 shows the PL peak position of the blue band for Mg-dop
and Mg-Si-codopedp-type samples at room temperature a
function of excitation power. A blueshift of the blue ban
with increasing excitation intensity has been consistently
served for all thep-type samples.

The reason for the variation in emission-peak energy
different samples remains controversial. The shift can be
plained by the DAP nature of this transition,24 or alterna-
tively a model involving potential fluctuations.18 Colton and
Yu suggested that the peak energy of the blue band marks
transition from localized to delocalized states within
Urbach-type band tail.37 All these explanations are qualita
tive. In this investigation, a quantitative model based on
tential fluctuations is given to explain the shift of the blu
emission-peak energy.

In compensated and highly doped semiconductors, po
tial fluctuations are expected to strongly affect the opti
properties due to the inhomogeneous distribution of char
defects.18,24,38 Diagonal radiative transitions between hol
localized in the ‘‘hills’’ of the valence band and electron
5-4



he
P
on
oa
y
y

ta

to
g

o
nd

de
-
-

l.
io
us
to

-
by
on-
to
n-
is

re-
ons
ge
b-

ith
the

he
be

From
ifts

tio
pe
o

se

BLUE EMISSION BAND IN COMPENSATED GaN:Mg . . . PHYSICAL REVIEW B 68, 045205 ~2003!
localized in the ‘‘valleys’’ of the conduction band reduce t
recombination energy and lead to a redshift of the
band.24,38 Furthermore, the wide range of photon emissi
energies made possible by these potential fluctuations br
ens the PL band.24,38 According to the model developed b
Shklovskii and Efros,38 when the impurities are randoml
distributed, the average amplitudeG of potential fluctuations
for a compensatedp-type semiconductor depends on the to
concentration of charged impurities (NT5NA

21ND
1) and the

hole concentrationp:

G5
e2

4p««0
•

NT
2/3

p1/3 . ~5!

Note that although potential fluctuations are due
charged rather than neutral centers, large amounts of MGa
acceptors remain neutral in thep-type GaN films due to their
large activation energy.36 However, the neutral impurities d
not contribute significantly to the potential fluctuations a
could be considered as ‘‘inert’’ in compensated films.38

The total concentration of charged impurities can be
termined from the hole concentrationp and the acceptor con
centrationNA .36,38,39 Upon inclusion of potential fluctua
tions, the DAP emission energy is given by39

E~\v!5Eg2~ED1EA!22G5Eg2EA2ED

22•
e2

4p««0
•

S 2NAK

K1p
2pD 2/3

p1/3 , ~6!

whereEg represents the band-gap energy of this materia
In the presence of potential fluctuations, the emiss

band blueshifts with increasing excitation intensity beca
of increased screening of the potential fluctuations by pho

FIG. 4. Dependence of the blue band peak position on excita
intensity at room temperature for the Mg-doped and Si-codo
samples. The peak shifts saturate at the low excitation limit. N
that the peak positions of sample JG 138 and JG 142 are clo
low excitation intensity.
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generated carriers,18,24,38as shown in Fig. 4. At the low ex
citation limit, no shift is observed. This can be explained
the fact that at low excitation intensity, photogenerated n
equilibrium carrier concentration is very low compared
equilibrium carrier concentration generated by thermal io
ization. In this case, the hole concentration in the films
essentially identical to that obtained by Hall-effect measu
ments in the dark. The small change in carrier concentrati
upon low-level photoexcitation leads to a negligible chan
of the potential fluctuation magnitude and no shift is o
served.

FIG. 5. ~a! Dependence of the peak energy of the blue band w
the cube root of the free-carrier concentration. The solid curve is
fit using Eq. ~3!. The fitting parameterNA is obtained as 4.8
31019 cm23. ~b! A linear dependence of the peak position of t
blue band on the reciprocal of the hole concentration can also
used to describe the observed room-temperature dependence.
a simple linear extrapolation of the data the peak position bluesh
to 2.96 eV when the potential fluctuationG5S3p21 decreases to
zero atp2150. The dashed line is calculated using Eq.~7! andS
52.331016 eV cm23.
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The peak positions for two films~JG 138 and JG 142! at
the low excitation limit are close, indicating similar potenti
fluctuation amplitudes@see Eq.~6!#. Since the hole concen
tration of both films is around 331017 cm23, Eq. ~6! indi-
cates that the Mg-doping densityNA is nearly the same fo
these samples even though the Si-doping level is differe

To determine the amplitudeG of the potential fluctuations
the energy of the main peak at the low excitation limit
plotted versus the cube root of the measured hole conce
tion in the epilayers at room temperature, as shown in F
5~a!. The solid curve is calculated using Eq.~6! after assum-
ing NA is independent of Si-dopant concentration. For th
calculations,NA is used as a fitting parameter and obtain
by least-squares regression. The estimated value ofNA from
the fit is 4.831019 cm23. From the Mg-doping densityNA
and measured hole concentrationp, G can be calculated~Ref.
39!. The potential fluctuations for the different samples ran
from 0.072 to 0.141 eV as listed in Table I. Using Eq.~6! the
peak position of the blue band without any potential fluctu
tions is thus calculated to be 2.95 eV.

After taking into account the effect of potential fluctu
tions, the activation energy of the acceptor involved in
blue band can be determined from Eq.~6! and is given as
EA5Eg2\v2ED , where the band gapEg is taken as 3.42
eV at room temperature, and\v ~2.95 eV! is the emission
energy without potential fluctuations. The activation ene
of the donor (ED) was previously determined from therm
quenching as 24565 meV ~see Sec. III A!. Using these val-
ues the activation energy of the acceptor (EA) is calculated
to be 22565 meV. This value is in good agreement with th
MgGa acceptor activation energy of 210 meV previously d
termined from the quenching curve inn-type codoped GaN

While the relationship between peak position and h
concentration is well described by Eq.~6!, alternatively a
linear dependence of the peak position of the blue band
the reciprocal of the hole concentration can also be use
describe the observed room-temperature dependence, a
dicated by Fig. 5~b!. For a constantNA , the magnitude of the
potential fluctuation can be simplified toG5S3p21, where
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