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Calculations of acceptor ionization energies in GaN

H. Wang and A.-B. Chen
Department of Physics, Auburn University, Auburn, Alabama 36849-5311

~Received 18 August 2000; revised manuscript received 8 November 2000; published 13 March 2001!

Thek•p Hamiltonian and a model potential are used to deduce the acceptor ionization energies in GaN from
a systematic study of the chemical trend in GaAs, GaP, and InP. The acceptors studied include Be, Mg, Ca, Zn,
and Cd on the cation sites and C, Si, and Ge on the anion sites. Our calculated acceptor ionization energies are
estimated to be accurate to better than 10% across the board. The ionization energies of C and Be~152 and 187
meV, respectively! in wurtzite GaN are found to be lower than that of Mg~224 meV!. The C was found to
behave like the hydrogenic acceptor in all systems and it has the smallest ionization energy among all the
acceptors studied.

DOI: 10.1103/PhysRevB.63.125212 PACS number~s!: 71.55.Eq, 71.20.2b, 61.72.Vv
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I. INTRODUCTION

Despite the rapid progress in the development of
GaN-based devices, thep-doping is still an important
issue.1–4 The inefficiency in thep-doping is mainly due to
the high ionization energies of the acceptors. For exam
the most commonly used acceptors, Mg and Zn, have
ionization energies around 230 and 350 me
respectively.1–9 Thus the first step toward more efficie
p-doping in GaN is to identify acceptors with smaller ioniz
tion energies than that of Mg. Unfortunately, the experim
tal identification of the acceptors and their ionization en
gies still have large uncertainties, which could arise fro
complications due to free-carrier screening, compensatio
acceptors and donors, and different activation energ
probed by different techniques.

The available theoretical calculations10–14 have not nar-
rowed these uncertainties. The basic problem is that the
no ab initio theory that allows an accurate calculation of t
acceptor levels. However, recent calculations based on
spherical model10,11 and thek•p theory12–14have provided a
framework to study the acceptor levels.

In this work, we focus on the shallow~hydrogenic! sub-
stitutional acceptor states, because these are the mos
evant states concerning the p-doping of semiconductors
our approach, thek•p theory and a model potential are us
to extend the chemical trend of the acceptor ionization en
gies from the more established GaAs, GaP, and InP sys
to GaN. The acceptors studied include Be, Mg, Ca, Zn,
Cd on the cation sites and C, Si, and Ge on the anion s
Based on our calculation, the ordering of the ionization
ergies for these impurities, namely Be,Mg,Ca,Zn,Cd
and C,Si,Ge, is the same in all the four semiconducto
studied. In terms of relevancy to application, we found t
there are only two acceptors~C and Be! with smaller ioniza-
tion energies~152 and 188 meV, respectively! than the value
for the Mg ~224 meV! acceptor currently used for th
p-doping of wurtzite GaN. Our results should encourag
continuing investigation of C and Be for more efficie
p-doping of GaN.

The rest of the paper is arranged as following. In Sec
we describe thek•p theory and the model potential used
our calculation. In Sec. III, we develop a procedure to exte
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the chemical trend from the GaAs, GaP and InP to GaN
present the calculated acceptor ionization energies. Sec
VI summarizes the comparison with experiments and ot
theories and discusses the possibility to improve
p-doping efficiency in GaN. Section V concludes the pres
study.

II. METHOD

A. Acceptor states based on k"p Hamiltonian

Using the effective-mass approximation~EMA! for the
shallow acceptor and thek•p Hamiltonian for the degenerat
valence bands, the acceptor states are described by the
lowing matrix equation:

@H~r !1U~r !I #F~r !5EF~r !. ~1!

Here H(r ) is a r-space representation of thek•p Hamil-
tonian,I is the 636 unit matrix, andF(r ) is a column vector
whose column elements are the envelope functionsF j (r ).

The linear variational method is used to solve Eq.~1!. The
envelope functionsF j (r )( j 51, . . . ,6) areexpanded as a lin-
ear combination of the spherical harmonics with the hyd
geniclike redial functions:

F j~r !5(
l ,m

f l
j~r !Ylm~u,f!, ~2!

with

f l
j~r !5(

i 51

N

Ci
jl r l exp~2a i r !, ~3!

where j is the hole band index,l is the angular momentum
quantum number, anda i are the exponents used. We foun
that about 10a i ’s centered about the inverse Bohr radii
acceptor are sufficient to obtain the converged ground s
energies.

The k•p Hamiltonian for the wurtzite semiconductors
the RSP Hamiltonian proposed by Bir and Pikus.13 Although
this k•p Hamiltonian has appeared numerous times in
literature, we show its explicit form so our results can
reproduced
©2001 The American Physical Society12-1
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Hwz55
F 0 2H* 0 K* 0

0 G D 2H* 0 K*

2H D l 0 I * 0

0 2H 0 l D I *

K 0 I D G 0

0 K 0 I 0 F

6 , ~4!

where

F5~A21A4!k21~A12A21A32A4!kz
21D11D2 ,

G5~A21A4!k21~A12A21A32A4!kz
21D12D2 ,

H52A6kykz1 iA6kzkx1 iA7~kx1 iky!,

I 52A6kykz1 iA6kzkx2 iA7~kx1 iky!,

K5A5~kx
22ky

2!12iA5kxky , ~5!

l5A2k21~A12A2!kz
2 ,

u5A4k21~A32A4!kz
2 ,

D5A2D3 ,

k25kx
21ky

21kz
2 .

In the above,D1 is the crystal-field splitting,D2 andD3 are
the spin-orbital coupling constants, which are taken to be
same in our calculation. TheAi ’s for i from 1 to 7 are the
parameters related to the inverse hole masses and the
tailed band structures near the top of the valence band.

The corresponding Hamiltonian for zinc-blende~zb!
semiconductors is the well-known Kohn-Luttinger~KL !
Hamiltonian,14

Hzb55
P L M 0 N Q

L* R 0 M S A3N

M* 0 R 2L A3N* S

0 M* 2L* P 2Q* N*

N* S* A3N 2Q T 0

Q* A3N* S* N 0 T

6 ,

~6!

where

P5
1

3
~A12B!k22

1

6
~A2B!~2kz

22kx
22ky

2!,

L52
C

A3
kykz2

iC

A3
kzkx ,

M5
1

A12
~A2B!~kx

22ky
2!2

iC

A3
kxky ,
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R5
1

3
~A12B!k21

1

6
~A2B!~2kz

22kx
22ky

2!,

S5
i

3A2
~A2B!~2kz

22kx
22ky

2!, ~7!

T5
1

3
~A12B!k22D0 ,

N5 iL /A2,

Q52 iA2M ,

k25kx
21ky

21kz
2 ,

whereD0 is the spin-orbital splitting atk50. A, B, andC
are related to the Luttinger parameters (g1 , g2 , g3), i.e.,
the inverse hole masses. By the use of the usual transfo
tion kb→2 i (]/]xb), the operatorH(k) is transformed to
H(r ) used in Eq.~1!.

The parameters in thek•p Hamiltonians are given in
Tables I and II. The valence band parameters of GaAs
from Binggeli and Baldereschi,15 those for GaP and InP ar

TABLE I. The valence band parameters, dielectric constantk,
and the bond lengthsd of GaAs, GaP, InP, and zinc-blende~zb!
GaN. Hered is in units of Å, the splittingD0 is in units of meV, and
the inverse hole mass parametersA, B, and C are in units of
\2/2m0.

Host A B C D0 k d

GaAsa 15.18 3.06 17.46 340 12.56 2.45
GaPb 8.12 2.24 9.96 80 11.02 2.36
InP b 14.60 2.12 16.56 130 12.60 2.54
GaNc 5.06 1.16 5.85 19 9.50 1.95
GaNd 7.78 0.30 5.65 20 9.50 1.95
GaNe 7.18 0.54 6.13 11 9.50 1.95

aReference 15.
bReference 16.
cReference 17.
dReference 18.
eReference 19.

TABLE II. The valence band parameters of wurtzite~wz! GaN.
Here the splittingD1 andD2 are in units of meV, and the invers
hole mass parametersAi ( i 51, . . . ,6) are inunits of \2/2m0. The
dielectric constantk59.80 is assumed for wurtzite GaN~Refs. 17–
19!.

Host A1 A2 A3 A4 A5 A6 D1 D2

GaNa 6.36 0.51 25.85 2.92 2.60 3.21 42.0 6.30
GaNb 6.56 0.91 25.65 2.83 3.13 4.86 73.0 5.40
GaNc 7.24 0.51 26.73 3.36 3.35 4.72 22.0 3.67

aReference 17.
bReference 18.
cReference 19.
2-2
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CALCULATIONS OF ACCEPTOR IONIZATION . . . PHYSICAL REVIEW B63 125212
from Lawaetzet al.,16 and the parameters of GaN are fro
Kim et al.,17 Suzukiet al.,18 and Yeoet al.19 for both wurtz-
ite and zinc-blende structures. Thek•p parameters listed in
Tables I and II for the wurtzite GaN correspond to the s
called quasicubic approximation, in which the linear terms
Eq. ~5! are neglected by settingA750. AlthoughA7 is im-
portant in describing the detailed valence bands for
wurtzite structures in general,17 its values are very small fo
GaN and its inclusion is found to have little effect~less than
1 meV! on the acceptor ionization energies. Furthermore
this approximation, the parametersA, B, and C of zinc-
blende GaN, which are not presented in Refs. 18 and 19,
be obtained17 from the available hexagonal paramete
Ai ( i 51, . . . ,6).

B. Model impurity potential

Since we want to use the experimental acceptor ioniza
energies of the more established semiconductors GaAs,
and InP to deduce the chemical trend of the acceptor le
in GaN, we adopted a simple model potential that facilita
an accurate and efficient calculation. The potential conta
all the necessary ingredients for an acceptor impurity po
tial. It has a form similar to the model potential used in o
study of the donor states in SiC~Ref. 20! and GaN.21 The
model impurity potentialU(r ) contains two terms

U~r !5U0~r !1Us~r !. ~8!

U0(r ) characterizes the ionicity difference between the i
purity and the host atom, and is represented by a sphe
square-well potential of the radiusr a and the depthV0, i.e.,

U0~r !5H 2V0 for r ,r a ,

0 for r .r a .
~9!

Us(r ) is a screened Coulomb potential with ar-dependent
screening function

Us~r !5H ~2e2/kr !@11~k21!e2r /r 1# for r .r b,

0 for r ,r b.
~10!

Note thatUs(r ) behaves as2e2/r for small r and as
2e2/(kr ) for larger. Herek is the dielectric constant of th
host crystal.15–17The r 1 is a screening length which is take
as a constant for a given host. For different hosts, we tre
r 1 as scaled proportional to the bond length of the host c
tal. It turned out we could obtain very similar sets of fin
results withr 1 in GaAs varying from 0.7 to 0.85 Å. Here w
simply chooser 150.85 Å . To leave as few adjustable p
rameters as possible, we taker a to be the Pauling’s covalen
radius22,23 of the impurity atom andr b to be one half of the
host bond length.23 Furthermore, we assume that the diffe
ence in theV0 is fixed between any two impurities substitu
ing the same host atom. These conditions impose some
straints on the model potential. If it works well for th
known cases, it may have a chance to do the same for G
12521
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III. CALCULATION PROCEDURE AND RESULTS

To give a reference, we first consider the simple hyd
genic model in which the impurity potential is taken to b
U(r )52e2/kr . The trial wave functions for the groun
state only include the angular momentum components w
l 50 and 2. The calculated acceptor ionization energies
GaAs, GaP, InP, and for both zinc-blende and wurtzite G
using Kimet al.’s17 k•p Hamiltonian parameters are listed
Table III. These values are generally smaller than the exp
mental results. The difference measures the effect of
central-cell potential correction.

We note that the valence hole mass parameters in
literature have considerable variations. However, since
high energy spectra of an acceptor are mainly governed
the hole effective masses, one can use these spectra to r
the valence effective masses. The hole mass paramete
GaAs listed in Table I were deduced in this manner.15 There-
fore the resultingk•p Hamiltonian for GaAs is used in ou
study without any further modifications. For the other sy
tems, the valence band masses were either deduced
transport properties16 or calculated directly from band
structures.17–19 For our calculation of the acceptor levels w
will modify the inverse hole mass parameters by multiplyi
them by a factorh around 1. Note thath51 for GaAs. The
determination ofh will be discussed later.

Since we have already fixed the other parameters in
potential, there are only are two adjustable parametersV0
and h, remaining. With a value ofr 150.85 Å andh51
already chosen for GaAs, theV0 values are completely de
termined by the experimental acceptor ionization energ
The values ofV0 in Table IV for all the impurities, namely
Be, Mg, Zn, and Cd on Ga sites and C, Si, and Ge on the

TABLE III. Calculated hydrogenic ionization energiesEA ~in
units of meV! for acceptor impurity in GaAs, GaP, InP, and GaN

GaAs GaP InP GaN~wz! GaN~zb!

EA 25.5 53.5 38.9 150.4 137.2

TABLE IV. Calculated acceptor ionization energiesEA in
GaAs. Hereh is the inverse hole mass factor as defined in
context. The energiesE and the potential depthV0 are in units of
meV, andr a , r b , andr 1 are in units of Å. The experimental dat
Eexpt are taken from Ref. 24.

Impurity EA Eexpt r a r b r 1 V0 h

Be 28.1 28.0 1.06 1.22 0.85 1000 1.00
Mg 28.8 28.7 1.40 1.22 0.85 1300 1.00
Ca 30.4 1.74 1.22 0.85 1450 1.00
Zn 30.7 30.7 1.31 1.22 0.85 3400 1.00
Cd 34.6 34.7 1.48 1.22 0.85 4050 1.00

C 27.4 26.9 0.77 1.22 0.85 22350 1.00
Si 35.2 35.2 1.17 1.22 0.85 7750 1.00
Ge 40.4 40.4 1.22 1.22 0.85 8650 1.0
2-3
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sites in GaAs, are obtained in this manner. Because the
perimental acceptor ionization energy of calcium~Ca! in
GaAs is not available, theV0 value for Ca listed in Table IV
was deduced from InP~see Table VI!. We note that theV0
values listed do not produce the exactly the experime
ionization energies, because we left some room to accom
date the experimental uncertainties and to improve the o
all fitting for the other systems.

Next is to test the procedure in GaP. TheV0 values for the
impurities on the Ga sites are taken to be the same as tho
GaAs, because they are associated with the same set o
purities replacing the same host~Ga! atom. A direct calcula-
tion using the mass parameters in Table I in thek•p Hamil-
tonian yielded the correct chemical trend for the ionizat
energies for these acceptors. However, to improve the ag
ment between the calculated values with experiments,
adjust the scaling factorh for the inverse hole mass param
eters. A value ofh51.12 was found to produce an overa
good result.

For the P-site impurities~C, Si, and Ge!, since the mass
parameters are already determined and the relative value
V0 ~the differences! are also fixed, we can only slideV0
rigidly to obtain the best fit for the ionization energies. O
result shows that the C and Ge levels are good to wit
10%, but the calculated Si level is about 40 meV lower th
the experimental value quoted.24 However, this experimenta
datum was adjusted by lowering a value of 77.9 meV fro
an earlier result.24 Our calculated level is in middle of thes
two data. We feel that a further study of the Si acceptor le
in GaP is needed.

For InP, theV0 values for the impurities on the P sites a
already determined from GaP. An adjustment of the inve
hole mass factor was able to obtain reasonable ioniza
energies for the two acceptors C and Ge with known exp
mental data. For the In-site impurities, a rigid shift of theV0
values produced excellent ionization energies for all the
purities studied, as shown in Table VI.

The results of the acceptor levels in GaAs, GaP, and
~see Tables IV, V, and VI! show that our potential model an
the deduction procedure serve to bring together the exp
mental data. Our procedure not only correctly describes

TABLE V. Calculated acceptor ionization energiesEA in GaP.
Hereh is the inverse hole mass factor as defined in the context.
energiesE and the potential depthV0 are in units of meV, andr a ,
r b , andr 1 are in units of Å. The experimental dataEexpt are taken
from Ref. 24.

Impurity EA Eexpt r a r b r 1 V0 h

Be 56.7 56.6 1.06 1.18 0.82 1000 1.1
Mg 60.2 59.9 1.40 1.18 0.82 1300 1.12
Ca 67.4 1.74 1.18 0.82 1450 1.12
Zn 70.4 69.7 1.31 1.18 0.82 3400 1.1
Cd 95.0 102.2 1.48 1.18 0.82 4050 1.1

C 54.9 54.3 0.77 1.18 0.82 0 1.12
Si 169.3 210.0 1.17 1.18 0.82 10 100 1.1
Ge 281.7 265.0 1.22 1.18 0.82 11 000 1.1
12521
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chemical trend but also yields accurate ionization energ
We expect our method to work as well for GaN.

For GaN, we used three sets of thek•p Hamiltonians17–19

to test the internal consistency of our procedure. We sta
with the Kim et al.’s Hamiltonian.17 Since theV0 values for
the impurities on the Ga sites are already determined fr
GaAs, we only need find the proper value for the inve
hole mass factorh. Because Mg is the most studied case,
adopted the experimental value of 224 meV in wurtzite~wz!
GaN ~Ref. 7! as the standard, which gives us a value ofh
51.07. It turned out that the same value ofh also works well
for the zinc-blende~zb! structure. The calculated level of 22
meV for Mg in zb-GaN falls in the middle of the experimen
tal values of 213~Ref. 25! and 230~Ref. 26! meV. The other
EA values for the zb-GaN are just slightly smaller than th
those in wz-GaN. With the value ofh determined, we then
rigidly shift the V0 values for the N-site impurities to fit the
only experimental value~224 meV! for Si in wurtzite GaN.27

The parameters and the calculated acceptor levels for
wurtzite and zinc-blende GaN structures are listed in Ta
VII.

We then applied the same procedure to GaN with
other two sets of parameters18,19 in the k•p Hamiltonian to
test the internal consistency of the procedure. Since all
potential parameters for GaN are already determined in
model, we are only allowed to adjust the inverse hole m
factorh for these two sets ofk•p Hamiltonians. This adjust-
ment was done to bring the ionization energies of Mg to
same values~224 and 220 meV for the wurtzite and zinc
blende structures, respectively! as those in Table VII. We
found that for these two sets of parameters, the inverse
mass factorh for the zinc-blende structure is different from
that for the wurtzite. The results ofh and the calculated
ionization energies are given in Table VIII. Despite the lar
h values required for these two sets of parameters, the
culated ionization energies are still in agreement with th
in Table VII within 10%, which is a test of the validity of ou
approach. We note that, except the Mg and Si levels in
wurtzite GaN, the rest of the ionization energies in Table V
should be considered as the predictions from the present
culation.

e
TABLE VI. Calculated acceptor ionization energiesEA in InP.

Hereh is the inverse hole mass factor as defined in the context.
energiesE and the potential depthV0 are in units of meV, andr a ,
r b , andr 1 are in units of Å. The experimental dataEexpt are taken
from Ref. 24.

Impurity EA Eexpt r a r b r 1 V0 h

Be 40.4 1.06 1.27 0.88 100 1.14
Mg 41.2 40.0 1.40 1.27 0.88 400 1.14
Ca 43.0 43.0 1.74 1.27 0.88 550 1.1
Zn 47.2 47.0 1.31 1.27 0.88 2500 1.14
Cd 57.8 56.0 1.48 1.27 0.88 3150 1.1

C 40.3 41.4 0.77 1.27 0.88 0 1.14
Si 123.0 1.17 1.27 0.88 10 100 1.14
Ge 205.3 210.0 1.22 1.27 0.88 11 000 1.1
2-4
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TABLE VII. Calculated acceptor ionization energiesEA in both wurtzite and zinc-blende GaN~Ref. 17!.
Hereh is the inverse hole mass factor as defined in the context. The energiesE and the potential depthV0

are in units of meV, andr a , r b , andr 1 are in units of Å. The experimental dataEexpt and other theoretica
results~Ref. 12! Etheor are also listed for comparison.

Be Mg Ca Zn Cd C Si Ge

r a 1.06 1.40 1.74 1.31 1.48 0.77 1.17 1.22
r b 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
r 1 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68
V0 1000 1300 1450 3400 4050 28050 2050 2950
h 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07

EA~wz! 187 224 302 364 625 152 224 281
Etheor 209 215 259 331 230 203
Eexpt 90 209 328 550 224

~Ref. 30! ~Ref. 33! ~Refs. 8 and 9! ~Ref. 6! ~Ref. 27!
160 224 340

~Ref. 31! ~Ref. 7! ~Ref. 6!
250 250

~Ref. 32! ~Ref. 6!

EA~bz! 183 220 297 357 620 143 220 276
Etheor 133 139 162 178 147 132
Eexpt 213

~Ref. 25!
224

~Ref. 26!
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IV. SUMMARY AND DISCUSSION

Since there is noab initio theory that can calculate th
acceptor ionization energies accurately, our empiri
method seems to be a sensible and practical approach to
problem. As a result, we have a unified Hamiltonian that
embraced the overall experimental acceptor ionization e
gies for GaAs, GaP, InP, and GaN. Judging from the spr
of the measured values in GaAs, GaP, and InP, our ca
lated acceptor ionization energies in GaN should be accu

TABLE VIII. Calculated acceptor ionization energiesE ~in units
of meV! in both wurtzite and zinc-blende GaN. The subscriptsa
andb indicate the results based on thek•p Hamiltonian parameters
of Refs. 18 and 19, respectively. The inverse hole mass factoh
used in each case is also given.

Impurity Ewz
a

(h51.35)
Ewz

b

(h51.67)
Ezb

a

(h51.18)
Ezb

b

(h51.43)

Be 190 186 183 183
Mg 224 224 220 220
Ca 295 301 298 296
Zn 355 367 356 355
Cd 597 621 622 604

C 161 142 142 143
Si 225 225 220 220
Ge 278 284 276 276
12521
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to better than 10% and should have the correct chem
trend.

We note that although our calculation method, namely
k•p Hamiltonian plus the impurity potential, is similar t
that used by Mireleset al.,12 our approach to the impurity
potential and the mass parameters is quite different fr
theirs. Mireleset al.12 took the impurity potentials to be th
difference between the impurity and the host ionic pseu
potentials divided by the host dielectric constant. They c
culated the acceptor levels for Be, Mg, Zn, Ca on the
sites and C and Si on the N site in GaN. For each accep
several sets of the available parameters for thek•p Hamil-
tonian were used. These differentk•p Hamiltonians intro-
duced a 50 meV uncertainty in the calculated ground s
energies. Although their average ionization energies for
Ga-site acceptors~212, 223, 274, and 379 meV respective
for Be, Mg, Ca, and Zn! are not too different from our re
sults, those for the N-site acceptors~241 and 210 meV re-
spectively for the C and Si! are quite different from our
calculated values of 152 and 224 meV, respectively. We n
that their calculated ionization energies in C not only a
higher than that for Be and Mg, but also are higher th
those for Si, which reverse the chemical trend~C being the
lowest! in all the systems studied here.

That C has a considerably smaller ionization energy th
Mg is an important result. We found that this low ionizatio
energy around 150 meV in wurtzite GaN was quite insen
tive to the variation of the procedures used in the determ
tion of the potential parameters. The simple reason beh
2-5
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this is that the C acceptor behaves like the hydrogenic ac
tor in all the systems studied, as can been seen from a d
comparison of the experimental and calculated ionization
ergies of C in Tables IV–VIII with those in Table III for the
hydrogenic model. In this connection, we note that
central-cell potentialV0 for C in Table VII has a different
sign from other acceptors. The small ionization for C sho
give some hope for improving thep-doping efficiency in
GaN. Even though C is amphoteric in nature,28 strategy
should be investigated to stabilize the C on the N sites
terms of finding the shallower acceptors than Mg in GaN,
seems to be the next choice. However, since Be is ener
cally more favorable to be an interstitial and donor rath
than a substitutional impurity,29 it may be difficult to make
Be a useful acceptor.

The experimental study of the acceptor levels in GaN
been quite extensive. However, the measured ionization
ergies have large uncertainties. For example, the acce
levels of 90,30 160,31 and 250~Ref. 32! meV for Be; 224
~Ref. 27! meV for Si; 209,33 224,7 and 250~Ref. 6! meV for
Mg; 328 ~Refs. 8 and 9! and 340~Ref. 6! meV for Zn; and
550 ~Ref. 6! meV for Cd have been measured for wurtz
GaN. The acceptor ionization energies of 213 and 230 m
in Mg-doped cubic GaN have also been deduced from v
recent experiments.25,26 A very low ionization energy~130
meV! was also reported for a resident impurity in zin
blende GaN.34 Considering the wide spread in the curre
experimental results, our predictions in Table VII shou
n,
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provide a useful reference for the acceptor ionization en
gies in both wurtzite and zinc-blende GaN.

V. CONCLUSION

In summary, we have investigated the chemical trend
acceptor levels in GaAs, GaP, InP, and GaN using thek•p
theory and an empirical impurity potential model. A proc
dure for obtaining the parameters for the potential and
k•p Hamiltonian was developed from a systematic compa
son of the calculations and experiments for GaAs, GaP,
InP. The procedure has produced accurate acceptor leve
GaAs, GaP and InP as compared with experiments. The
cedure is then extended to predict the chemical trend of
ceptor levels in both wurtzite and zinc-blende GaN syste
These results should provide a useful reference for the
ceptor levels in GaN critically needed amidst the curre
widespread experimental and theoretical results. Our ca
lated results show that the acceptor ionization energies o
and Be~152 and 187 meV! in wurtzite GaN are lower than
that of Mg~224 meV!. This result should encourage a furth
investigation of the C and Be acceptors for possible impro
ment of thep-doping efficiency in GaN.
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