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Hole conductivity and compensation in epitaxial GaN:Mg layers
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The concentratiorp and the mobilityu of holes in metal-organic chemical vapor depositidhOCVD)
GaN:Mg layers were studied by room temperature Hall-effect measurements as a function of the Mg concen-
tration N, in the range X 108cm 3<N,<1x10?°cm 3. The hole density first increases with increasing
N, , reaches a maximum valyg,,~6x 10" cm 3 at N,~2x 10°cm 3, decreases for largé¥, values, and
drops to very small values &t,~1x 10?°cm 3. The hole mobility decreases monotonically with increasing
Na. Thep(N,) data provide strong evidence for self-compensation, i.e., for a doping driven compensation of
the Mg acceptor by intrinsic donor defects. This effect becomes significant Whesxceeds a value of 2
x10¥cm 3. A semiquantitative self-compensation model involving nitrogen vacancies is developed. It ac-
counts satisfactorily for the measurp(iN,) dependence and suggests that self-compensation limits the hole
conductivity in bulklike MOCVD GaN:Mg layers grown near 1300 K to about (zcm) .

[. INTRODUCTION site as has been demonstrated by electron spin resofiance.
Corresponding compensating defects can be expected in
The discovery ofp-type conductivity in magnesium- GaN:Mg since GaN and ZnS have similar band gap energies
doped GaN grown by metal-organic chemical vapor deposiand other similar physical properties. Actually, it is known
tion (MOCVD) following low energy electron irradiatidror ~ from photoluminescence studies that Mg doping of GaN
thermal annealifgmarks the beginning of GaN-based opto- leads to the formation of a deep donor in addition to the
electronics. Hydrogen depassivation of the Mg acceptor haghallow Mg acceptof?®
been recognized as the essential process to convert as-grown!n the experimental part of this work the measured hole
high-resistivity GaN:Mg intop-conducting material. Today ~ densityp as a function of the Mg concentratidy is pre-
high brightness yellow, green, blue GaN-based light emittingsented over the doping rangexa0*®-1x10?°cm 3. The
diodes(LED’s), and UV-LED’s as well as violet laser diodes hole density is found to be peakedNit~2x 10"cm 2 and
are commercially availabléDespite these breakthroughs the drops to very small values whemN, approaches 1
hole conductivity in GaN:Mg has remained low, two orders X 10?°cm 3. This dependence is shown to be incompatible
of magnitude below that of say GaAs:Be at a doping level ofwith an impurity compensation model. Since the nitrogen
2x 10 cm3, one reason being the large Mg-acceptor ion-vacancyVy, a triple donor, has a particularly low formation
ization energy. This limiteg-type conductivity is one of the energy inp-GaN (Refs. 9 and 1ptwo idealized SC models
major reasons that hampers further rapid development dfivolving V are treated semiquantitatively: first, SC only by
nitride-based laser diodes as well as bipolar electronics. Afisolated \{, and second, SC only by the nearest neighbor
ter acceptor depassivatidithermal annealing the typical  pair Mgg.Vy, a double donor. These model calculations pre-
hole concentrations at room temperat@iR) of MOCVD-  dict that SC limits the maximum hole density in GaN:Mg
grown GaN:Mg, as reported by several groups, are (2—5@rown near 1300 K to about’610'" cm™2 corresponding to
% 107 cm™2 for doping levels in the mid 18cm™3 range. a maximum conductivityr of ~1 (Q cm) %, given a mobil-
The corresponding RT hole mobilities are around 16/&ts. ity near 13 cr/Vs. They provide a satisfactory explanation
Thus, the typical hole conductivities are less than 1 for the drop in hole density at the highest doping levels, and
(Qcm)~L. This is sufficient for LED’s, just sufficient for they suggest that a significantly improved hole conductivity
laser diodes but critical for electronic bipolar device applica-can be achieved only if partial suppression of SC becomes

tions. possible.
This paper addresses the question whether the limited
hole conductivity in properly annealed MOCVD GaN:Mg is Il. EXPERIMENTAL DETAILS

due to donolimpurity backgroundcompensatioror whether

it has more fundamental character, namsad{f-compensation The samples studied were prepared over a period of about
(SO by intrinsic lattice defects such as vacancies or interstitwo and a half years. X-ray studies have confirmed that all
tial host atoms. In binary compounds with a high band gapayers have wurtzite structure. They were grown by low pres-
energy the latter type of compensation has been known to bsure metal-organic chemical vapor deposition on 2 in. sap-
important for a long timé.Energetically SC is favored if the phire substrates using a 30-nm-thin GaN nucleation layer.
formation energy of a compensating lattice defect is smalleffhe subsequent layer sequence consists ojuinSthick un-
than the trapping energy of a free carrier at this defect. Adoped GaN and &.5-0.8-um-thick GaN:Mg layer with a
well established example is dondisay C) doped ZnS. In  doping level ranging from % 10'°to 1x 10?°cm 3. For Mg

this case, the compensating acceptor centers are nearesincentrations below  10*°cm™2 the realization of good
neighbor associates of a zinc vacancy and Cl on a sulphwhmic contacts t@-GaN:Mg, required for reliable electrical
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T T et cage of incomplete ionizatioh

Np+K \/

whereNp is the donor impurity densityN, the Mg doping
) concentration, an€ is given byK=1/8N,,, exp(—Ea/KT).
107 F E Here g is the valence bané/b) degeneracy factoi\,, the
; : / IMPURITY N, 1 temperature dependent vb density of sta2®9), E, is the
| — 0 1 thermal Mg-acceptor ionization energy,s the Boltzmann
10 3 : | © 1x107em? o constant, and is the temperature. The evaluation @fand
i ' oo a0%im” 1 N, mustinclude all three, slightly split valence barklsB,
el e e el et e eeeeer ] and C of the wurtzite structure since they all are partially
10" 10" 10" 10% occupied at RT. Thereforg is obtained by summing over
Mg - CONCENTRATION N, (cm?) the_ degener_acy factofeach b_eing pof the individual bangl§
weighted with the appropriate Boltzmann factors giving
FIG. 1. Hole concentrations in GaN:Mg as measured by RT Hall3(RT)=3.6 for GaN on A}JO; and a typical strain situation.
effect (circles and trianglgs Solid circles correspond to samples The value ofN,,, at RT is obtained accordingly using the
that were grown more recently. The triangular data points are fronfamiliar expression for the DO%.The individual calculated
Ref. 11. The three curves correspond to the calculated hole densiti€0S masseéin units of the free electron massf the A, B,
in an impurity compensation model for three residual donor densiandC valence bands an@,~ 0.6 i =A,B,C).l3 Experimen-
ties as shown in the legend. tally, these masses are lartjawhich is whym,~0.8 is used
here. This results i, 5 =3.2x 10"°cm™3, a value which is
measurements is difficult. Therefore, in this doping regimeabout a factor of 2 larger than the one quoted previotfsly.
the layer sequence above the nucleation layer was modifieSltrictly speaking, the activation enerdgy, depends on
and consists of 0.5«m undoped GaN, 1.8&m moderately N, .'>®For simplicity, a constant valu&,= 160 meV, ap-
doped GaN:Mg, and a GaN:Mg contact layer with a dopingpropriate forN,~4x 10*cm™2 is used here, at the cost that
level of 3x10"cm™3. The latter layer was removed by dry this value is somewhat too largemall) for N, above (be-
etching except at the points where the contact metal had begow) 4x 10°cm 3. Finally, K at RT is obtained a&=1.8
placed. All GaN:Mg films were grown near 1300 K with a x 10%¢m™3,
V/III flow ratio of 4000. Following growth, the wafers were Returning to Fig. 1 it is noted first, that up to abaf
annealed in a nitrogen atmosphere typically at 600 °C for 16<2x 10'°cm~2 the full circle data points are close to the
min in order to depassivate the Mg acceptors. The chemicaheoreticalN,=0 and theNp=1x10cm 2 curve. This
Mg concentrations of the samples were determined by segndicates that in the moderate doping range 1®®©cm2
ondary ion mass spectroscop{SIMS) using Mg ion-  <N,<2x10"cm3, hydrogen depassivation is very effec-
implanted standards. tive and impurity compensation as well as self-compensation
For Hall-effect measurements small ohmic contacts in Valhlay a minor role. WhenN, becomes larger than 2
der Pauw geometry were evaporated through a mask at the 10'9cm=3, the measured hole concentrations fall progres-
corners of 5<5 mnt squares. The contacts are formed by asijvely lower below theNp =0 curve. The decrease mbe-
10-nm-thick Ni and a 400-nm-thick Au layer. A thermal comes especially pronounced fot,>5x 10cm 2 until
treatment of the contacts, similar to that used for accepto ractically complete compensation is reached near 1
activation, often improved_ their ohmic characteristics andy 12%cm=3. Actually, a comparison of the data points with
decreased the contact resistance. the Np=0 curve indicates that the degree of compensation
increases with increasing Mg-acceptor density Fiy>2
X 10%cm™3. It is evident that such a behavior at the highest
doping levels is incompatible with impurity compensation,
In Fig. 1 the measured RT hole densitiesf the present whatever the donor concentratidy is.
GaN:Mg samples are plotted versus the Mg concentration Previously, the decrease in hole concentrationNgr 5
N,. Each data poinfcircle) corresponds to a separate wafer. X 101°cm™3 has been attributed to the solubility limit of
For N, values close to ¥10?°cm™2 four data pointg(tri- Mgg, and the formation of a second phase, Mg How-
angles$ obtained by another grotibare also included. For a ever, in this case one would expect an increasing hole den-
given N4 there is considerable scatter in the hole density ofity with increasingN, which saturates at a maximum
different samples. This is not due to the Hall measurementsalue but does not decrease again at still higthewralues. In
which are reproducible. Rather the scatter is the result obrder to clarify experimentally the role of a second phase,
improvements in growth procedure, postgrowth annealingwo GaN:Mg samples witiN, close to 1X 10?°°cm™2 have
conditions, and contact technology during the course of thi®een examined by x-ray diffraction. Using a Guinier-type
investigation. The solid circle data points were obtained fromfocusing x-ray diffractometer with the sample rotating
samples grown more recently. The three curves corresporaround its surface normal symmetricéR¢ scans yielded
to the expected vs N, relation for three residual donor peaks attributable to GaN-0002 and sapphire-0002 reflec-
concentration®N in an impurity compensation model. They tions. Two spurious peaks with intensities more than a factor
were calculated at RT with the expression appropriate in thef 104 below that of the GaN-0002 peak could not be as-

2

Np K
+K(Na—Np), (1)

2

HOLE DENSITY p (cm™)

IIl. EXPERIMENTAL RESULTS AND DISCUSSION
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24 — " T i T T T T T IV. MODELING OF SELF-COMPENSATION
20 _ _ i ~ Inp-type GaN, the intrinsic defgct with the Iowgst forma-
— . GaN:Mg tion energy, 0.3-0.5 eV depending on the gosmon of the
2 * 300K Fermi level Eg, is the nitrogen vacancy/y.>'° Conse-
E 16 7 guently, it dominates in concentration at the typical MOCVD
E A o 1 growth temperaturesT~1300 K. In addition, it is a triple
S 12t . et e . donor®1%Therefore, in GaN:Mg compensation of Mg accep-
o) L. o o ’ "\\ ] tors by isolated/y or Vy complexed with the dopant is very
E 8k ‘ o o o likely. Two idealized cases of SC in GaN:Mg are now con-
a | ] sidered. In case 1 € 1) the compensating don&® is the
Tl 3 isolated nitrogen vacancyy which, as a triple donor, has a
i ] multiplicity m;=3. In case 2 (=2) the donorD® is the
ol . | . ! . ! . ! nearest neighbor complex Mg which is a double donor
0 2 4 6 8 with a multiplicity m,=2. The former case is considered to
Mg-CONCENTRATION N, (10" em™) be less realistic but is included for comparative purposes.

The latter case is considered important since large fractions
FIG. 2. Room temperature Hall mobility of holes in GaN:Mg as of the dopant and the vacancies are ionized at1300 K
a function of the Mg doping concentration. Solid circles correspondgnd the latter are mobile. Thus they tend to form near neigh-
to samples that were grown more recently. The straight line is &0y pairs, in particular when the doping concentration is high
linear fit to all data points. (upper 18%cm 2 range, and the mean separations are of the
order of a few nanometers only. In fact, such nearest and
signed. Thus, if a second ordered phase were present its valext nearest neighbor dopant vacancy pairs have been de-
ume fraction should be much less than 1% and its effect otected in the high gap semiconductor ZnS by electron-spin
the hole density should be negligible even fbi,=1  resonance.
% 10%%cm 3. In analogy to the definition of the compensation ratio in
Part of the decrease in hole concentration abisye: 2 the case of _impurity c.ompensationl, the self—corr?pensation
x 10*cm 2 could also arise from a deterioration of the layer CO€fficientc; is now defined by, = I§'(D)/NA wherel\_I(D) and
crystallinity at very high doping levels. However, as Fig. 2 Na are the donor and the Mg doping concentration, respec-
shows, there is no dramatic change in hole mobility over thdiVely. It should be noted that thg in the present cases do
N, range 3< 108 7x 101°cm~3.%7 Since the mobility reacts not directly correspond to the S@tios r;. These are given
more sensitively to a dopant induced degradation of crystal®y F1=3¢€1 andr,=2c,/(1-c,). Complete compensation,

line quality than the carrier concentration, a degraded crys(r—j' _f_l_t_'n bfoththcases%f_ls_ retachEed floff— 3£hW_'th thi above
tallinity is unlikely the cause for the drop in hole density at ennition for the coeinicients; g.(1) for the impuri y com-
very high Mg doping levels. It is therefore concluded thatpensatlon case can be rewritten for the two special cases of

neither impurity compensation nor the solubility limit of SC considered here,

Mgga nor the degradation of crystallinity limit the maximum miciNA+K (mic;Na+K)?
hole density in MOCVD GaN:Mg at Mg doping levels above P=— 5 + 7 +KNa(1—-3c¢y),
~2x109cm 3, )

The remaining possibility to explain the electrical data in
Fig. 1 is self-compensatiof8C), i.e., the formation of intrin-
sic compensating donors or complexes of such donors wit ) X )
dopant atoms in concentrations comparable with those of the N case 1,Ng”=Ny where Ny is the concentration of
acceptor dopant at high doping levels. There is strong prevititrogen vacancie¥y. In thermal equilibrium at the growth
ous evidence for SC in GaN:Mg. First, different groups havel€mperature T it is given E’Y ﬁv_=(N5/2)exp§/k)
inferred a compensation ratiy, /N,~0.1 at a Mg doping  €XP(—Hy/KT) where Ng=8.8X 10%?cm™® is the number of
level N, of 2—5x10cm 3 from temperature dependent SiteS per cubic centimeter GaN, asdand Hy are theVy
Hall measurementé:18 Thus,Np~2-5x 108cm™3, which ~ vacancy format_lon _entropy anq energy, respegtwely. The lat-
is at least an order of magnitude larger than the residudf’ is @ piecewise linear function of the Fermi le! and
donor impurity content in state of the art undoped MOCVDcan be writtet* as Hy=H{+qEr where q denotes the
GaN. This indicates that the majority of compensating do-charge state oy, i.e., 0 to 3+, andH} is the value oH,,
nors must arise from SC. Second, for Mg concentrationsn charge state for EL=0, i.e., wherEg lies on the vb edge.
above 2<10'°cm™ GaN:Mg reveals an intense blue photo The vacancy concentration can then be written in the follow-
luminescence band peaked near 2.8 eV at'&This blue ing form:
band has donor-acceptor pair character. The natural acceptor _
candidate is isolated Mg while a likely candidate for the Nv=(Ng/2)Cq exp(—qEr/kT), ®)
deep donor is the nearest neighbor pairWg’ Thus, to-  with Cq=expEkjexp(— HY/KT). Thus, for each charge state
gether with the data in Fig. 1, the evidence for SC inq#0, Ny increases exponentially with decreasig, i.e.,
GaN:Mg for doping levels above210°cm 2 is compel- whenEg approaches the valence band. Of course, the posi-
ling. In the following the effect of SC as a function of the tion of the Fermi leveEg relative to the vb edge is related to
doping level is treated semiquantitatively. the acceptor concentratidd, . If residual donor impurities

where all symbols have been defined above. The task now is
Hwe calculation of the; as a function olN, .
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can be neglected the appropriate expression to be used he
is that of the compensation free case which réads

N
1+ \/1+aNA

val

Nval

2N,

with a=48 expEa/KT). At the growth temperatur€l300
K), B=5.1,a~85, andN,, =2.9x 10?°cm™3. Inserting Eq.
(4) into Eqg. (3) and using the definition foc, one finds in
case 1

EF=kTIn[ ] (4)

HOLE DENSITY p (cm™)

self compensation \

_ — 10°F only N
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This form of ¢;(N,) is not yet useful for comparison with 10

10 10 10
experiment since the quanti€y, is unknown. Elimination of Mg - CONCENTRATION N, (cm’)

Cqy and replacement by a parameter more readily inferred

from experiment is deferred for the moment. FIG. 3. Hole concentrations in GaN:Mg as in Fig. 1. The dashed

In case 2' the Compensating donor ConcentraN@-] is and the full curve are fits based on the Self-compensation models 1
proportional to bothNy and N,. Thus N(Z)—M_lNANV and 2, respectively. The arrow above the abscissa marks the fit
0 D -

whereM "1 is a temperature dependent proportionality con—'O"’Ir"’lmme"\ICC for model 2.

stant. The SC coefficiert, can now be calculated along the =~ . ) ) )
lines exemplified above far; and is obtained as ing is sufficiently rapid. Under this premise E) can be
used for a comparison with RT data. Now the desjpél 5)

Ng (2N, 9 Ny | @ dependence at RT can be calculated from Egs.and (7)

:Cqm N_> (1+ 1+« N ) ; (6) using the well established input parameters of the Mg accep-
val val tor (E,), the vb (8,N, ), as well as the fit parametdl.c,

whereq=1, 2, 3 corresponds to the positive charge states ofvhich can be inferred from the present experimendfis

Vy as in case 1. In the doping range of interest, say Ssmall compared tdNc it follows from Eq. (7) that the SC

X 10 cm <N, <1x10P%cm 3, the separation o from  coefficientsc, are very small. In the present cases this re-

the vb at the growth temperature, as obtained from(&gjs  quirement is satisfied fai,<1x 10°cm™3 sinceNcc turns

less than 480 meV. For simplicity of discussion it is assumedut to be larger than % 10°°cm™3. This means that SC in

that the separation of thé&"/V3* donor level from the vbis  GaN:Mg is very small or negligible foN,<1x10*cm3

larger than this value. In this casg" is the stable charge but becomes progressively more significant whég ap-

state ofVy even for moderate Mg doping levels in the mid ProachesNcc. This behavior is fundamentally different

10'8cm 3 range, andjin Egs.(5) and(6) can be restricted to  from impurity compensation which is most pronounced at

q=3. low or moderate doping levels, compare Fig. 1.

If now for case 2 and case 1 a fiarameteN¢ is intro-
duced, defined as the doping concentratidg for which
complete compensation occurs, i.e,(Ncc)=3, Egs. (5)
and(6) can be renormalized and compactly rewritten in the |n Fig. 3 the experimentg) vs N, data are replotted and

Cz

V. COMPARISON WITH SELF-COMPENSATION MODELS

form compared with the calculateg(N,) curves for case 1
. (DW=V,, dashed linpand case 2D®=MgV,, full line).
~1[ Np P14 V14 aNce /N,y A comparison of these curves with the compensation free
“=3 Nce 1+\1+aNg/N,, | ™ case, curvéNp =0 in Fig. 1, once more demonstrates that SC

effects for No<1x10cm™2 are negligible for practical
wherel =1 andl=2 corresponds to case 1 and case 2, repurposes. The fitting parametdx.: for the two curves in
spectively forg= 3. It should be noted that the parametars Fig. 3 were obtained by a least square procedure. In this way
and N, in Eq. (7) are not independent. Rathe®/N,,  Ncc~1.6x107%cm 2 and Ngc~3x 10?tcm ™2 were deter-
=4/K the expression foK being given in Sec. Ill. Thus, mined for case 2 and case 1, respectively. In both cases the
when calculatingp(N,) from Egs.(2) and(7) only two pa- calculated hole densitp reaches a maximum ne&t,=2
rameters are required as in the impurity compensation case 10°cm™2 and decreases at higher Mg concentrations, thus
(K,Np), namelyK and the fit parameteéMc which depends strongly supporting that SC is the cause for the reduction in
on unknown properties of the vacan¥y . p at very high doping levels and for the concomitant limita-
Since theVy donors are generated at the growth temperation of p. The fit is less convincing for case 1 which supports
ture T, the values ofe andN,,, in Eq. (7) are those af  the view thatisolated \{; vacancies are unlikely the major
~1300K as quoted in connection with E@). During cool- compensators in heavily doped material. For case 2 where
ing of the crystal to RT the equilibrium vacancy concentra-MgVy pairs are the compensating donors the fit is satisfac-
tion may change since these defects can migrate and may bery and the maximum RT hole density predictedpigay
annihilated. As is usually done, it is assumed that the equi=4.7x 10" cm 3 atN,=2.0x 10"%cm ™3, It is noted in pass-
librium V| concentration is frozen which is justified if cool- ing that thisN value coincides with the Mg concentration at
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which the Mg-related blue donor-acceptor pair photolumi-temperaturé® Of course, in this case the amphoteric nature
nescence band appears in MOCVD GaN:M@he values of the Si dopant, leading also to,Siacceptors at high dop-
used here for the parameteBs N, ,,, Ea, andN¢cc which  ing levels, accounts for about one half of the compensating
enter into the calculation of,,,, are believed to be quite acceptors. However, there is also strong evidence that a com-
reliable. Therefore, significantly larger hole densities cannoparable portion of acceptors is due to a deep defect complex
be expected upon justifiable changes in parameters. Eveniiivolving Sig, and a Ga vacanc’f.

the hole DOS masses; enteringN,,,; were 25% larger than

used (m;=1 instead of 0.8 pnax Would not exceed 6 VI. SUMMARY

7 —3 i i ~ =
> 10°7em %, Using this value andi~13cnf/Vs atNa=2 The RT hole density and mobility in MOCVD GaN:Mg

93 ; ; T
;:0}21 g(;rr'] dl;c(t:i(\)/irppari E'g éi gg)e_sl agnléZ?e:hlém't r]:)sreTte layers, as obtained from Hall-effect measurements, were pre-
Y, 0= 2. P sented over a wide doping rangex30¥cm 3<N,<1

rowth conditions. The best value measured directly is 1.1 _ .
?Q cm)-* for one sample Wit~ 1.5 10°cm™ in )I/:igs x10?°cm™3. It was shown that the experimenga(N,) de-
AT ig) Pendence reaches a maximum N~ 2 10*%cm™3 with

1-3. Distinctly higher conductivities in MOCVD materia ~6x 107 cm~2 indicating an increasing dedree of com-
appear to be possible only if the effect of SC can be sup—p max 9 g deg

ressed. at least partiall pensation with increasingN,. These data cannot be ex-
P GaN'i\Ag Iayerspgrownyby molecular beam epita\BE) plained by a compensation model involving residual donor
should éuffer much less from SC than MOCVD layers be_|mpur|t|es only. Based on suggestions that nitrogen vacan-

cause of the 200—-300 K lower growth temperature in MBEC'®S .VN are the dominant defects |p-ty_pe GaN:Mg two
and the concomitant reduction My concentration which semiquantitative SC models with either isolaiéglor Mgy

reduces SC effects. In fact, a recent report on MBE GaN:M airs acting as deep donors, respectively, were elaborated. A
layers grown at 656°QRef’ 21) quotesp=1.4x 10:8cm 3 "Mt to the data points in both cases predicts thakaches a
andu=7.5cnf/Vs at a Mg. concentration c;f>?10190m*3 _maximum nea|NA=2>_<1019cm*3 With pmaX~.5>_<1017cm*3
correspoﬁding tor=1.7 (@ cm) L. In MOCVD material in close agreement with the experimental findings. However,

. . . he results are in favor of the Ny, pair model which for
the hole concentration at this Mg level is about an order o eavilv dooed material is reasonable for princinal reasons
magnitude lower, compare Fig. 3. On the other hand, th y dop P P '

conductivity o of the above MBE material is only about 55% ofa igir??r}\}rs]eatul\? pirzll;n it()l%fctrz%hoori g:gs'%;zsaﬁ] rSob;Ilrty
higher than the maximumr value obtained in this work for A P PP

MOCVD GaN:Mg. limit for the hole conductivity in bulklike MOCVD layers

-1

Self-compensation limited hole conductivity as discussed? OWn near 1300 Kg=<1.2 (@ cm) .
here for GaN occurs for other high-gap semiconductors as
well. In p-type ZnSe:N the dopant N not only creates the
shallow acceptor level but also two N-related compensating We are grateful to Th. Fuchs, Ch. Manz, and to R.
donor levelé® which limit the hole concentration tp~1 Schmidt for their help with SIMS investigations, figure
X 10 cm™3, the similarity withp-type GaN:Mg being obvi-  preparation, and Hall-effect measurements, to N. Herres for
ous. Even in more conventional compound semiconductorthe x-ray studies, to W. Pletschen for dry etching, and to K.
SC can limit the conductivity but the effect is less severeH. Bachem, M. Peter, B. Santic, and J. Wagner for useful
since it occurs at a much higher carrier density level. Fodiscussions and comments. This work has been supported by
instance, im-GaAs:Si the maximum electron concentrationthe German Ministry for Research and Education and by
is limited to around X 10*°cm 2 depending on the growth OSRAM Opto Semiconductors.
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