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Calculations of acceptor ionization energies in GaN
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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 Cl&2dRd 187
meV, respectivelyin wurtzite GaN are found to be lower than that of N4 me\j. 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.
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[. INTRODUCTION the chemical trend from the GaAs, GaP and InP to GaN and
present the calculated acceptor ionization energies. Section
Despite the rapid progress in the development of theV/I summarizes the comparison with experiments and other
GaN-based devices, the-doping is still an important theories and discusses the possibility to improve the
issuet™ The inefficiency in thep-doping is mainly due to p-doping efficiency in GaN. Section V concludes the present
the high ionization energies of the acceptors. For examplestudy.
the most commonly used acceptors, Mg and Zn, have the
ionization energies around 230 and 350 meV, II. METHOD
respectively:™® Thus the first step toward more efficient
p-doping in GaN is to identify acceptors with smaller ioniza-
tion energies than that of Mg. Unfortunately, the experimen- Using the effective-mass approximatiégEMA) for the
tal identification of the acceptors and their ionization ener-shallow acceptor and the p Hamiltonian for the degenerate
gies still have large uncertainties, which could arise fromvalence bands, the acceptor states are described by the fol-
complications due to free-carrier screening, compensation dbwing matrix equation:
acceptors and donors, and different activation energies
probed by different techniques. [H(r)+U(r)I]JF(r)=EF(r). (h)
The available theoretical calculatidfis'* have not nar- . . _
rowed these uncertainties. The basic problem is that there fg€reé H(r) is ar-space representation of thep Hamil-
no ab initio theory that allows an accurate calculation of thetonian,| is the 6<6 unit matrix, and~(r) is a column vector
acceptor levels. However, recent calculations based on tH&hose column elements are the envelope functfeyis).
spherical modéf'*and thek - p theory>~*have provided a The linear vz_;matlonal -method is used to solve Hg. Thg
framework to study the acceptor levels. envelope function§(r)(j=1, ... ,6) areexpanded as a lin-
In this work, we focus on the shalloviydrogenig sub- ~ €ar combination of the spherical harmonics with the hydro-
stitutional acceptor states, because these are the most réeniclike redial functions:
evant states concerning the p-doping of semiconductors. In
our approach, th&- p theory and a model potential are used F-(r)zE ()Y (6, b) )
to extend the chemical trend of the acceptor ionization ener- ! ! i
gies from the more established GaAs, GaP, and InP systems
to GaN. The acceptors studied include Be, Mg, Ca, Zn, and¥ith
Cd on the cation sites and C, Si, and Ge on the anion sites. N
Based on our calculation, the ordering of the ionization en- i "
ergies for these impurities, namely B&g< Ca<Zn<Cd ff(r):; Clrexp—ain), @)
and G<Si<Ge, is the same in all the four semiconductors
studied. In terms of relevancy to application, we found thatwherej is the hole band index, is the angular momentum
there are only two accepto(€ and B¢ with smaller ioniza- quantum number, and; are the exponents used. We found
tion energieg152 and 188 meV, respectivelthan the value that about 10x;'s centered about the inverse Bohr radii of
for the Mg (224 meV} acceptor currently used for the acceptor are sufficient to obtain the converged ground state
p-doping of wurtzite GaN. Our results should encourage anergies.
continuing investigation of C and Be for more efficient The k-p Hamiltonian for the wurtzite semiconductors is
p-doping of GaN. the RSP Hamiltonian proposed by Bir and Pikéiglthough
The rest of the paper is arranged as following. In Sec. Itthis k-p Hamiltonian has appeared numerous times in the
we describe thé- p theory and the model potential used in literature, we show its explicit form so our results can be
our calculation. In Sec. Ill, we develop a procedure to extendeproduced

A. Acceptor states based on #p Hamiltonian
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In the aboveA; is the crystal-field splittingA, andA5 are

the spin-orbital coupling constants, which are taken to be the
same in our calculation. Tha;’s for i from 1 to 7 are the
parameters related to the inverse hole masses and the de-

tailed band structures near the top of the valence band.

The corresponding Hamiltonian for zinc-blendeb)
semiconductors is the well-known Kohn-Lutting€KL )
Hamiltonian*
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TABLE I. The valence band parameters, dielectric constant
and the bond lengthd of GaAs, GaP, InP, and zinc-blendzh)
GaN. Hered is in units of A, the splitting\ is in units of meV, and
the inverse hole mass parametés B, and C are in units of
h212m.

Host A B C Ay K d

GaAs? 1518 3.06 17.46 340 1256 2.45
GaPP 8.12 224  9.96 80 11.02 2.36
InP® 1460 2.12 1656 130 12.60 2.54
GaN® 5.06 1.16 5.85 19 9.50 1.95
GaN® 7.78 0.30 5.65 20 9.50 1.95
GaNe® 718 054  6.13 11 9.50 1.95

8Reference 15.
bReference 16.
‘Reference 17.
dReference 18.
®Reference 19.

1 2 1 2 2 2
R=5(A+2B)k*+ £ (A-B)(2k; — ki~ K}),
_ i 2 2 2
=57 \/E(A— B)(2k2—k2—k2), )

1
T= §(A+ 2B)k?— Ay,

N=iL/ 2,
Q=—i2M,
k2=ki+kZ+kZ,

where A, is the spin-orbital splitting ak=0. A, B, andC
are related to the Luttinger parameterg, ( v», v3), i.€.,
the inverse hole masses. By the use of the usual transforma-
tion ks— —i(d/9xp), the operatoH(k) is transformed to
H(r) used in Eq(1).

The parameters in th&-p Hamiltonians are given in
Tables | and Il. The valence band parameters of GaAs are
from Binggeli and Balderesch?, those for GaP and InP are

TABLE II. The valence band parameters of wurtzitez) GaN.
Here the splittingA; and A, are in units of meV, and the inverse
hole mass parametefs (i=1, .. .,6) are irunits of42/2m,. The
dielectric constank=9.80 is assumed for wurtzite GaRefs. 17—
19).

GaN? 6.36 051 —-585 292 260 3.21 42.0 6.30
GaN® 6.56 0.91 -565 2.83 3.13 4.86 73.0 5.40
GaN® 724 051 -6.73 336 335 4.72 220 3.67

aReference 17.
bReference 18.
‘Reference 19.
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from Lawaetzet al,*® and the parameters of GaN are from  TABLE lll. Calculated hydrogenic ionization energi&s, (in

Kim et al,}” Suzukiet al,'® and Yeoet al!® for both wurtz-  units of meVj for acceptor impurity in GaAs, GaP, InP, and GaN.
ite and zinc-blende structures. Thep parameters listed in
Tables | and Il for the wurtzite GaN correspond to the so- GaAs  GaP InP Gafwz)  GaNzb)
called quasicubic approximation, in which the linear terms inE
Eq. (5) are neglected by setting;=0. AlthoughA; is im- A
portant in describing the detailed valence bands for the
wurtzite structures in generdi,its values are very small for

GaN and its inclusion is found to have little effetiss than lll. CALCULATION PROCEDURE AND RESULTS

1 meV) on the acceptor ionization energies. Furthermore, in  To give a reference, we first consider the simple hydro-
this approximation, the parametefs B, and C of zinc-  genic model in which the impurity potential is taken to be
blende GaN, which are not presented in Refs. 18 and 19, ca(r)= —e?/«xr. The trial wave functions for the ground
be obtainetf from the available hexagonal parametersstate only include the angular momentum components with
A (i=1,....6). =0 and 2. The calculated acceptor ionization energies for
GaAs, GaP, InP, and for both zinc-blende and wurtzite GaN
B. Model impurity potential using Kimet al’s*” k- p Hamiltonian parameters are listed in

Since we want to use the experimental acceptor ionizatior-{able [ll. These values are generally smaller than the experi-
P P ental results. The difference measures the effect of the

energies of the more established semiconductors GaAs, Ga('n':;]entral-cell potential correction.

and InP to deduce the chemical trend of the acceptor levels We note that the valence hole mass parameters in the

in GaN, we adopted a simple model potential that faCIIItateﬁiterature have considerable variations. However, since the

an accurate and gfflCler!t calculation. The pot.entlaI. contamﬁigh energy spectra of an acceptor are mainly governed by
all the necessary ingredients for an acceptor impurity poten;

tial. It has a form similar to the model potential used in ourthe hole effective Masses, one can use these spectra o refine
study of the donor states in Si@Ref. 20 and GaN?® The the val_ence_effecnve masses. The hole mass parameters of
model impurity potentiald (r) contains two terms GaAs listed m_TabIe I were de(_juced in this manﬁe‘i’hgre-

fore the resultingk- p Hamiltonian for GaAs is used in our
study without any further modifications. For the other sys-
tems, the valence band masses were either deduced from

. o _transport propertié§ or calculated directly from band
Uo(r) characterizes the ionicity difference between the im-gi.ctured”°For our calculation of the acceptor levels we

purity and the host atom, and is represented by a sphericgfi| mogify the inverse hole mass parameters by multiplying
square-well potential of the radiug and the depttVy, i.e.,  hem by a factor; around 1. Note thay=1 for GaAs. The
determination ofy will be discussed later.
_ —Vp forr<rg, Since we have already fixed the other parameters in the
Uo(r)= 0 forr>r,. ©) potential, thgrg are qnly are two adjustable parametégs,
and 7, remaining. With a value of;=0.85 A and»=1
Ug(r) is a screened Coulomb potential withralependent already chosen for GaAs, thé, values are completely de-

255 53.5 38.9 150.4 137.2

U(r)=Ug(r)+Ug(r). 8

screening function termined by the experimental acceptor ionization energies.
The values oV, in Table IV for all the impurities, namely
(—eXkr)[1+(k—1)e "] forr>r, Be, Mg, Zn, and Cd on Ga sites and C, Si, and Ge on the As
Us(r):
0 forr<ry,. o . .
(10) TABLE IV. Calculated acceptor ionization energiés, in

GaAs. Heren is the inverse hole mass factor as defined in the
context. The energieB and the potential deptkly are in units of
meV, andr,, r,, andr, are in units of A. The experimental data
Eexpr are taken from Ref. 24.

Note thatU(r) behaves as-e?/r for smallr and as
—e?/(«r) for larger. Herex is the dielectric constant of the
host crystal®>~1" Ther, is a screening length which is taken
as a constant for a given host. For different hosts, we treateﬁ:hpurity

. Ea Eexpt la Mo r Vo n

r, as scaled proportional to the bond length of the host crys

tal. It turned out we could obtain very similar sets of final Be 281 280 106 122 085 1000 1.00
results withr ; in GaAs varying from 0.7 to 0.85 A. Here we Mg 288 287 140 122 0.85 1300 1.00
simply chooser;=0.85 A . To leave as few adjustable pa- Ca 30.4 1.74 122 0.85 1450 1.00
rameters as possible, we taketo be the Pauling’s covalent Zn 307 307 131 122 0.85 3400 1.00
radiug?2® of the impurity atom and,, to be one half of the cd 346 347 148 122 085 4050 1.00
host bond lengtR® Furthermore, we assume that the differ-

ence in theV, is fixed between any two impurities substitut- 274 269 077 122 0.85-2350 1.00
ing the same host atom. These conditions impose some cogi 352 352 117 122 085 7750 1.00
straints on the model potential. If it works well for the ge 404 404 122 122 085 8650 1.00

known cases, it may have a chance to do the same for GaN
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TABLE V. Calculated acceptor ionization energiég in GaP. TABLE VI. Calculated acceptor ionization energiég in InP.
Here 7 is the inverse hole mass factor as defined in the context. Thélere 7 is the inverse hole mass factor as defined in the context. The
energiesE and the potential dept¥, are in units of meV, and,, energiesE and the potential depti, are in units of meV, and,,
ry, andr; are in units of A. The experimental daa,, are taken  ry,, andr, are in units of A. The experimental daka,,; are taken
from Ref. 24. from Ref. 24.

Impurity Ea Eexpt  Ta Iy ry Vo 7 Impurity Ea Eexpt  'a Iy ry Vo 7

Be 56.7 56.6 106 118 0.82 1000 1.12 Be 40.4 1.06 1.27 0.88 100 1.14

Mg 60.2 599 140 118 0.82 1300 1.12 Mg 412 400 1.40 1.27 0.88 400 1.14

Ca 67.4 174 118 0.82 1450 112 Ca 43.0 43.0 174 127 0.88 550 1.14
Zn 704 69.7 131 118 0.82 3400 1.12 Zn 472 470 131 127 0.88 2500 1.14
Cd 95.0 1022 148 1.18 0.82 4050 1.12 Cd 57.8 56.0 148 127 0.88 3150 1.14
C 54.9 543 0.77 1.18 0.82 0 112 C 40.3 414 077 127 0.88 0 1.14

Si 169.3 2100 1.17 118 0.82 10100 1.12 Si 123.0 1.17 127 0.88 10100 1.14

Ge 281.7 265.0 1.22 118 0.82 11000 1.12 Ge 205.3 210.0 122 1.27 0.88 11000 1.14

sites in GaAs, are obtained in this manner. Because the exhemical trend but also yields accurate ionization energies.
perimental acceptor ionization energy of calciy@a) in  We expect our method to work as well for GaN.
GaAs is not available, th¥, value for Ca listed in Table IV For GaN, we used three sets of thep Hamiltoniand’~*°
was deduced from InPsee Table V). We note that th&/,  to test the internal consistency of our procedure. We started
values listed do not produce the exactly the experimentaiith the Kim et al’s Hamiltonian'” Since theV,, values for
ionization energies, because we left some room to accommdhe impurities on the Ga sites are already determined from
date the experimental uncertainties and to improve the ovesaAs, we only need find the proper value for the inverse
all fitting for the other systems. hole mass factor. Because Mg is the most studied case, we
Next is to test the procedure in GaP. TWgvalues for the adopted the experimental value of 224 meV in wurttite)
impurities on the Ga sites are taken to be the same as those@aN (Ref. 7) as the standard, which gives us a valuerof
GaAs, because they are associated with the same set of im=1.07. It turned out that the same valuezrpélso works well
purities replacing the same hd§&a) atom. A direct calcula- for the zinc-blendézb) structure. The calculated level of 220
tion using the mass parameters in Table | inkhe Hamil-  meV for Mg in zb-GaN falls in the middle of the experimen-
tonian yielded the correct chemical trend for the ionizationtal values of 213Ref. 25 and 230(Ref. 26 meV. The other
energies for these acceptors. However, to improve the agre&, values for the zb-GaN are just slightly smaller than that
ment between the calculated values with experiments, wehose in wz-GaN. With the value of determined, we then
adjust the scaling factop for the inverse hole mass param- rigidly shift the V, values for the N-site impurities to fit the
eters. A value ofy=1.12 was found to produce an overall only experimental valué24 me\j for Si in wurtzite GaN?’
good result. The parameters and the calculated acceptor levels for both
For the P-site impuritie$C, Si, and Gg since the mass wurtzite and zinc-blende GaN structures are listed in Table
parameters are already determined and the relative values Wftl.
V, (the differencer are also fixed, we can only slid€, We then applied the same procedure to GaN with the
rigidly to obtain the best fit for the ionization energies. Ourother two sets of parameté?s®in the k-p Hamiltonian to
result shows that the C and Ge levels are good to withirtest the internal consistency of the procedure. Since all the
10%, but the calculated Si level is about 40 meV lower tharpotential parameters for GaN are already determined in our
the experimental value quotéliHowever, this experimental model, we are only allowed to adjust the inverse hole mass
datum was adjusted by lowering a value of 77.9 meV fromfactor » for these two sets - p Hamiltonians. This adjust-
an earlier resuft* Our calculated level is in middle of these ment was done to bring the ionization energies of Mg to the
two data. We feel that a further study of the Si acceptor levebame value$224 and 220 meV for the wurtzite and zinc-
in GaP is needed. blende structures, respectivelgs those in Table VII. We
For InP, theV, values for the impurities on the P sites are found that for these two sets of parameters, the inverse hole
already determined from GaP. An adjustment of the inversenass factor, for the zinc-blende structure is different from
hole mass factor was able to obtain reasonable ionizatiothat for the wurtzite. The results of and the calculated
energies for the two acceptors C and Ge with known experiionization energies are given in Table VIII. Despite the large
mental data. For the In-site impurities, a rigid shift of Mg  #» values required for these two sets of parameters, the cal-
values produced excellent ionization energies for all the imculated ionization energies are still in agreement with those
purities studied, as shown in Table VI. in Table VII within 10%, which is a test of the validity of our
The results of the acceptor levels in GaAs, GaP, and InRpproach. We note that, except the Mg and Si levels in the
(see Tables 1V, V, and VlIshow that our potential model and waurtzite GaN, the rest of the ionization energies in Table VII
the deduction procedure serve to bring together the expershould be considered as the predictions from the present cal-
mental data. Our procedure not only correctly describes theulation.
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TABLE VII. Calculated acceptor ionization energiEg in both wurtzite and zinc-blende GaRef. 17).
Here 7 is the inverse hole mass factor as defined in the context. The enérgied the potential deptt,
are in units of meV, and,, r,, andr, are in units of A. The experimental daka,,; and other theoretical
results(Ref. 12 Ey,co;are also listed for comparison.

Be Mg Ca Zn Cd C Si Ge
la 1.06 1.40 1.74 1.31 1.48 0.77 1.17 1.22
o 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
ry 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68
Vo 1000 1300 1450 3400 4050 —8050 2050 2950
n 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07
Ea(w2) 187 224 302 364 625 152 224 281
Eiheor 209 215 259 331 230 203
Eexpt 90 209 328 550 224
(Ref. 30  (Ref. 33 (Refs. 8and ® (Ref. 6 (Ref. 27
160 224 340
(Ref. 31 (Ref. 7 (Ref. 6
250 250

(Ref. 32 (Ref. ©

Ea(b2) 183 220 297 357 620 143 220 276
Eheor 133 139 162 178 147 132
Eexpt 213

(Ref. 25

224

(Ref. 26

IV. SUMMARY AND DISCUSSION to better than 10% and should have the correct chemical
trend.

Since there is nab initio theory that can calculate the .
acceptor ionization energies accurately, our empirica We not_e thf”‘t although our calc_ulatlon m_etho_d, n_ar_nely the
method seems to be a sensible and practical approach to t)‘l‘hép Ha“;"f”'af.‘ ﬁlus thlelzlmpurlty poterp]ual, E’ s.|m|lar. to
problem. As a result, we have a unified Hamiltonian that had"at “Sel )&Mrllre et al,” our approach to tdgﬁlmpurltfy
embraced the overall experimental acceptor ionization enefOtential and the mass parameters is quite difierent from

gies for GaAs, GaP, InP, and GaN. Judging from the sprea .eirs. Mireleset al ‘2 took the impurity potentia!s tp be the
of the measured values in GaAs, GaP, and InP, our calc _|ffere_nce b_e;ween the Impurity and t_he host ionic pseudo-
lated acceptor ionization energies in GaN should be accuraféPtentials divided by the host dielectric constant. They cal-
culated the acceptor levels for Be, Mg, Zn, Ca on the Ga
sites and C and Si on the N site in GaN. For each acceptor,
several sets of the available parameters forkhe Hamil-
tonian were used. These differektp Hamiltonians intro-
duced a 50 meV uncertainty in the calculated ground state
energies. Although their average ionization energies for the
Ga-site acceptor12, 223, 274, and 379 meV respectively
Impurity E2, EP, E2, = for Be, Mg, Ca, and Znare not too different from our re-
(p=1.35) (9=1.67) (5=1.18) (5=1.43) sults, those for the N-site acceptg®4l and 210 meV re-
spectively for the C and piare quite different from our

TABLE VIII. Calculated acceptor ionization energiEgin units
of meV) in both wurtzite and zinc-blende GaN. The subscrigts
andb indicate the results based on thep Hamiltonian parameters
of Refs. 18 and 19, respectively. The inverse hole mass fagtor
used in each case is also given.

Be 190 186 183 183 calculated values of 152 and 224 meV, respectively. We note
Mg 224 224 220 220 that their calculated ionization energies in C not only are
Ca 295 301 298 296 higher than that for Be and Mg, but also are higher than
Zn 355 367 356 355 those for Si, which reverse the chemical trg@being the
Cd 597 621 622 604 lowes) in all the systems studied here.

That C has a considerably smaller ionization energy than
C 161 142 142 143 Mg is an important result. We found that this low ionization
Si 225 225 220 220 energy around 150 meV in wurtzite GaN was quite insensi-
Ge 278 284 276 276 tive to the variation of the procedures used in the determina-

tion of the potential parameters. The simple reason behind
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this is that the C acceptor behaves like the hydrogenic acceprovide a useful reference for the acceptor ionization ener-
tor in all the systems studied, as can been seen from a diregtes in both wurtzite and zinc-blende GaN.

comparison of the experimental and calculated ionization en-

ergies of C in Tables IV=VIII with those in Table IlI for the V. CONCLUSION

hydrogenic model. In this connection, we note that the
central-cell potentiaV, for C in Table VII has a different
sign from other acceptors. The small ionization for C shoul
give some hope for improving thp-doping efficiency in
GaN. Even though C is amphoteric in natéfestrategy

In summary, we have investigated the chemical trend of
Oacceptor levels in GaAs, GaP, InP, and GaN usingkthe
theory and an empirical impurity potential model. A proce-
dure for obtaining the parameters for the potential and the
. . - : - p Hamiltonian was developed from a systematic compari-
should be investigated to stabilize the C on the N sites. IrJi;on of the calculations and experiments for GaAs, GaP, and

terms of finding the shallower acceptors than Mg in GaN, B nP. The procedure has produced accurate acceptor levels for
seems to be the next choice. However, since Be is energetiz_ . P P P

cally more favorable to be an interstitial and donor rather aAs, GaP and InP as compared with experiments. The pro-

than a substitutional impurif, it may be difficult to make cedure is then extended to predict the chemical trend of ac-
Be a useful acceptor P ' y ceptor levels in both wurtzite and zinc-blende GaN systems.

The experimental study of the acceptor levels in GaN ha;’hese results .ShOUId prqy|de a useful refe(ence for the ac-
eptor levels in GaN critically needed amidst the current

been quite extensive. However, the measured ionization e'%:_ides read experimental and theoretical results. Our calcu-
ergies have large uncertainties. For example, the accept ated Pesults shpow that the acceptor ionization eﬁer ies of C
levels of 90" 160" and 250(Ref. 32 meV for Be; 224 and Be(152 and 187 meVYin wur?zite GaN are Iowe?than

T 3 7
(Ref. 27 meV for Si; 2097° 224, and 250(Ref. § meV for that of Mg (224 me\j. This result should encourage a further

Mg; 328 (Refs. 8 and Pand 340(Ref. 6 meV for Zn; and . .2 A
550 (Ref. 6 meV for Cd have been measured for wurtzite investigation of the C and Be acceptors for possible improve-
: ent of thep-doping efficiency in GaN.

GaN. The acceptor ionization energies of 213 and 230 meV!
in Mg-doped cubic GaN have also been deduced from very ACKNOWLEDGMENT
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