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Experimental and theoretical study of acceptor activation and transport
properties in  p-type Al ,Ga;_,N/GaN superlattices
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Experimental and theoretical results of Mg-doped superlattices consisting of uniformly doped
Al,Ga _,N, and GaN layers are presented. Acceptor activation energies of 70 and 58 meV are
obtained for superlattice structures with an Al mole fractionxef0.10 and 0.20 in the barrier
layers, respectively. These energies are significantly lower than the activation energy measured for
Mg-doped bulk GaN. At room temperature, the doped superlattices have free-hole concentrations of
2x10"%cm ™2 and 4x10%¥cm 2 for x=0.10 and 0.20, respectively. The increase in hole
concentration with Al content of the superlattice is consistent with theory. The room temperature
conductivity measured for the superlattice structures is 0.27 S/cm and 0.64 S/cm for an Al mole
fraction of x=0.10 and 0.20, respectively. X-ray rocking curve data indicate excellent structural
properties of the superlattices. We discuss the origin of the enhanced doping, including the role of
the superlattice and piezoelectric effects. The transport properties of the superlattice normal and
parallel to the superlattice planes are analyzed. In particular, the transition from a nonuniform to a
uniform current distributior(current crowding occurring in the vicinity of contacts is presented.

This analysis provides a transition length of a few microns required to obtain a uniform current
distribution within the superlattice structure. D00 American Institute of Physics.
[S0021-897€00)03816-0

INTRODUCTION acceptors are energetically close to the GaN valence band
edge. It has been shown that the modulation of the valence

I_Eff!ment n-_andp—type doping of III-n|tr|d_e semiconduc- band edge results in a strong enhancement of the free-hole
tors is imperative for the development of wideband gap elec-

. ) : S concentration. The possible increase in free-hole concentra-
tronic and optoelectronic devices. Silic@i) is the donor of .~ ™. .

) ) : L tion in Al,Ga, _,N/GaN superlattices over bulk GaN was
choice for GaN with an experimental activation energy be- . . :

shown to be one order of magnitude. In addition, piezoelec-

tween 10—25 meV.At room temperature nearly all of the
donors are ionized. By contrast, the large activation energ
of magne_smrr(l\/!g) of 150 Fc.) 250_me‘9‘ results in a low Theoretical and experimental results on doped
acceptor ionization probability, with only a few percent ac- ) . . .
L I,Ga _,N/GaN superlattice structures will be discussed in
tivation at room temperature. Other acceptors such as bery]: . X ) oo
. . o his article including the acceptor activation, hole concentra-
lium (Be) and calcium(Ca) also have large activation ener-

gies of 156 and 169 me\?, respectively. The low acceptor tion, conductivity, mobilities, and current crowding.
activation inp-type GaN results in large parasitic resistances,

high operating voltages, and high specific contact resisACCEPTORS IN GaN AND Al ,Ga;_,N

tances, which adversely affect the performance of electronic ] » )
and optoelectronic devices. The simple hydrogen atom model modified for the di-

Recently, it has been theoretically and experimentall;ﬁ'ecmc constant and effective mass of the semiconductor
demonstrated that doped, &a,_ N/GaN superlattice struc- Predicts an acceptor ionization energy of

tric effects have been proposed to cause the doping enhance-
fhent in ALGa, ,N/GaN doped superlattice structurdd?

tures increase the free-hole concentration as compared to 1m e*mp x
: 7-12 ; E,=— — =——13.6eV, 1
bulk p-type GaN'~"<Doped superlattices are doped ternary a S—rz Mo 2(4meoh) 2 Mo 1)

compound semiconductor structures with a modulated
chemical composition. The modulation of the chemical comwheremj, =0.8my is the GaN heavy hole effective mass and
position leads to a variation of the valence band energy and,=9.0 is the GaN relative permittivity Equation(1) yields

to a reduction of the effective acceptor activation energya GaN acceptor ionization energy of 134 meV. For AIN with
Acceptors in the GaN layers of the superlattice must be ionm; =0.8m,*® and &,=8.52 an ionization energy of 151
ized by thermal excitation. However, acceptors in themeV is inferred from Eq(1). Consequently, the hydrogenic
Al,Ga, _,N barriers are ionized more easily because thesenodel predicts an increase of 13% of the acceptor activation
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energy in AIN when compared with GaN. For an Al mole (a) AlGaN  GaN
fraction of x=25%, the acceptor ionization energy is ex- /\/\_/‘\ IAEC
pected to be 138 meV, only slightly higher than the GaN Ec
acceptor activation energy.
The effective Bohr radius is given by

ENERGY

o
r*_4778r80h2_ g,
B * N2 %

mp e mp /Mg

which yields 0.60 nm for GaN and 0.56 nm for AIN. It has
been pointed out that for small radii, on the order of the
lattice constant, the effective dielectric constant used in the
hydrogenic impurity model should be lower than the bulk
dielectric constant? This would increase the calculated ac-
ceptor activation energy, and bring it in closer agreemeng. 1. (a) Band diagram of a semiconductor superlattice with a modulated
with experimental values of approximately 200 meV. chemical composition that induces a conduction band edge and valence
Theoretical calculations based on effective-mass theor§and edge modulatioic, Er , andEy are the conduction band energy, the
for degenerate hole bands, reported by Mireles and Ufoa, FE &1¢0% & 1 vl band energ, respectue, The st ine
determined ionization energies of 197-245 meV and 465+ 7. (b) Schematic of the doping concentratibia and hole concentration
758 meV for Mg acceptors in wurtzite GaN and AIN, respec-p of a composition modulated semiconductor.
tively. For an Al content ok=25% in AlL,Ga _.N, the ion-
ization energy will range between 264 and 373 meV,
assuming a linear extrapolation. for AIN, the acceptor energy levels in the wells and barriers
We have recently reported an ionization energy of 200will be tied to the band edges in the respective materials. For
meV for Mg in epitaxial bulk GaNt® This value is in good a superlattice period,=20nm, as used in this study, this
agreement with other values reported in the literature whiclgondition is indeed fulfilled. Figure(lh) schematically shows
range between 150 and 250 meV. the free-hole concentration and the ionized acceptor concen-
To date, there are few publications with experimentaltration. The figure indicates that free carriers collect in the
results concerning the electronic properties of doped AINGaN wells, whereas ionized acceptors are located mostly in
This is due to the insulating nature of AIN which has a bandthe ALGa,_«N barriers. As will be discussed later, the free
gap energy of 6.2 eV. Several studies have been performeghrrier and ionized impurity distribution can change when
on the ionization energy of Mg in AGaN,_,N with Al taking into account polarization effects.

0.053 nm, @

CONCENTRATION

DEPTH z

mole fractions less than 30%. Tanakgall’ measured an High electrical activation of deep acceptors is achieved

ionization energy for Mg in A ,§GaN, N of 192 meV and  if the acceptor levels in the barriers are energetically close or

for bulk GaN of 157 meV. even above the valence band states in the wells. This condi-
Katsuragawa and co-workéfsshowed that as the Al tion may be expressed as

content is increased in bulk ABa ,N from x=0.00 tox AEy—E.=Eqnt (Er— Egn) + Egipoie &)

=0.33, the hole concentration decreases monotonically. Us-

ing the parameters, = 9.0— 0.5 x for the relative permittiv- WhereE,, is the quantized subband energy in the GaN va-
ity of Al,Ga _,N'° and m; =0.8m, for the effective hole lence band well relative to the valence band edde; (
mass> the hydrogenic model does not predict a significant— Eon) is the band filling of the quantized valence subband
deepening of the acceptor level in &a N for x<0.20.  states, andEgp,e is the energy due to the transfer of holes
This is consistent with the experimental results of Kat-from acceptor states in the /&a N barriers to the GaN
suragawaet al.*® who showed that the activation energy Wells. The dipole energy can be calculated by a double inte-
does not change markedly for Al conter0.30. Recently, gration of Poisson’s equation

however, Stutzmann and co-work&rseported an increase

of the Mg activation energy frork,=170 meV for GaN to Edipole= —
E,=360meV for Ap,Ga . Considering the range of

experimental data reported for the acceptor activation energyherez, is the period of the superlattice structure. The pe-
in AlL,Ga _«N, we use the deepening predicted by the hydroriod of the structure is chosen small enough to make band
genic model for the acceptor activation energy inbending effects negligibleEqpoe<AE, . However, the pe-
Al,Ga yN. riod of the structure is chosen sufficiently large to make con-
finement effects negligible, i.eE,,<AE, . For our struc-
tures, the GaN well thickness is approximately 10 nm so that
Eo.n=5 meV. Thus, the relatiok,,<AE, is satisfied.

A schematic of the band diagram of a uniformly doped, = Doped superlattices are modeled using an SGI Origin
composition-modulated semiconductor is illustrated in Fig.2000 computer and Silvaco’sTLAS device simulation soft-
1(a). We assume that the period of the superlattice is muchvare. A two-period superlattice structure of 8l _,N with
larger than the acceptor Bohr radius in either the GaN or the varied between zero and 30 percent is numerically simu-
Al,Ga, _yN. Sincer§=0.60nm for GaN and§=0.57nm lated. The superlattice structure is composed of a periodic

e2
€

fz"/zjz[p<z')—N;<z')]dz' dz, (@
0 0

DOPED Al,Ga,_,N/GaN SUPERLATTICES
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Al,Ga _,N/GaN superlattice with thickness of 10 nm/10 & 10”11+

I E ) - ]
nm, respectively. The carrier concentration versus depth is § [ AlxGa1-xN/GaN Doped Superiatiice (=300 K) ]
determined by numerically solving Poisson’s equation Z o8 - Aceeptor concentration

Q E ]
d*® e( N7) lﬁt_: : Effective ol :
- =— —(p— ective hole
dz £ b A E 10" concentration =

R R S —— ;

e Ey mpy 2my (E,—E) % Hole concentra-
=7 273 O 10'8 tion in bulk -
& —wmh 14 Er—E o L semiconductor ]
ex o L 1

kT e

w 10" -
Q o i
NA (5) %() I AEy = 200 meV \\Hole concentration B
E.—E ’ o 1014_Ea=200 meV in superlattice H
1+gexg —— a P T N E N RN I U R
kT I 0 2 4 6 8 10 12 14 16

, , o DEPTH z (nm)
where @ is the electrostatic potentiag is the elementary

charge is the permittivity,p is the hole concentration, and FIG. 2. Numerical simulation of the hole concentration in a uniformly
N; is the ionized acceptor concentration. In Bb) the first doped superlattice structure with a modulated valence band edge. The ac-

t in brackets is the hol trati di ceptor concentratioN,=1x10®cm 3, the effective hole concentration
erm In brackets Is the hole concentratipnexpressed In Per=5X10" cm™3 (defined as the arithmetic average over one period of the

integral form:mj; is the effective hole mas&, is the va-  superlattic the hole concentration in bull-type semiconductop="5.5
lence band energy, is Planck’s constant, is the acceptor  x10"*cm™3, and the hole concentration in the superlattice are depicted. The
energy,E¢ is the Fermi energyk is Boltzmann’s constant, acceptor concentration for the bulk semiconductaN js= 1x10%®cm3.
andT is absolute temperature. The second term in brackets
of Eq. (5b) expresses the ionized acceptor concentratign
as the product of the total acceptor concentrabigrand the
probability of ionization. The degeneracy factorgis=2. A
uniform doping profile olN,=1x 108 cm™2 with an activa-
tion energy ofE;=200meV in the GaN and AGa ,N
layers is assumed.

The valence band discontinuity occurring at
GaN/ALGa (N interfaces is modeled with the following

tration of the superlattice structure is defined as the arith-
metic average of the free carrier concentration over one pe-
riod of the superlattice. Note that the effective hole
concentration is one order of magnitude larger than the free
hole concentration in bulk Mg-doped GaN.

Figure 3a) shows the calculated modulation of the va-
lence band edge versus depth into the superlattice structure,
Fig. 3(b) shows the calculated free-hole concentration versus

equation: depth of the superlattice structure, and Fi¢c) 3hows the

AE\= %{[XEQ’A”\H— (1=X)Eg can calculated ionized acceptor concentration versus depth of the
—X(1-x) Ebowing] B Eg,GaN}v (6)

where x is the Al mole fraction in AlGa_xN, Egan T'= 300 K; p-type Alg.a9Gag goN / GaN superlattice

=6.2eV is the band gap of AIN at 300 Ky gan—=3.4€V is g - -008F ~— @]

the band gap of GaN at 300 K, artlying is the bowing 552012} 1

parameter. The term in the braces represents the band gap & & > -0.16 .

difference between GaN and,8a _,N. The factor 1/3 pre- @ 5 L —0.20 ¢} ]

ceding the brackets on the right-hand side of E).is the S YW gy Ty T

percentage of the band gap difference allocated to the va-

lence band? The measured bowing parameter, as reported in 3 1oL {b) |

the literature, varies between0.8<Epqying<1.3€V. Criti- P " ] ]

cal for determining the bowing parameter is the correct as- g £ g 10" 1

sessment of the Al concentration in,&a, _,N/GaN hetero- TeES 10%6L ]

structures. Koideet al?® used both x-ray diffractometry and 5 F— | | —3

electron probe microanalysis to determine the Al mole frac- O ol 01

tion in their samples. They determined a bowing parameter

Epowing=1.0+0.3eV. Recently, Angereet al** have deter- 238

mined a bowing parameter &,,ing= 1.3 €V. Angereet al. o) 'é

used both x-ray diffraction and elastic recoil detection analy- 2 &£

sis to determine the Al mole fraction in their samples. The g & :

values 1.0-1.3 eV are now well accepted for the bowing %é 10155 L .

I B T R R
parameters of the gap of Aba;_N. 0 5 10 15 20 25 30 35 40
Figure 2 depicts the acceptor concentration, the effective DEPTH z (nm)
hole concentration o_f the superlattice structure, the CaICUIEIG. 3. Composite of calculated results of a two-period superlattice struc-
lated hole concentration of bulk GaN, and the calculated holgyre doped wittiN,=1x 10 cm™2 (a) the valence band enerd, , (b) the

concentration of the superlattice. The effective hole concenrole concentratiom, (c) the ionized acceptor concentratidi, .
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Joo0K 400K 300K 200K 150K 100K 0
10 ?WI t I I E Mg - doped, 20 period
i . AlGa, ,N/GaN (10nm/10nm)
5 10 superlattice
Q i
g 10"
E E Undoped GaN
O 4L
= 107 GaN buffer layer <_
& E
g sl
CZ) 107°F Sapphire substrate
o i
(Ii'; 10" E
T P-type Al Ga, N/GaN doped superlattice FIG. 5. A schematic of the 20-period, Mg-doped, @&, _,N/GaN super-
ol e lattice structure on which electronic measurements were performed is illus-
12 3 4 5 6 7 8 9 10 trated. The superlattice was grown on top of an undoped GaN layer. In the
RECIPROCAL TEMPERATURE 1000/T (K™") initial growth phase a GaN buffer layer was deposited on the sapphire sub-

strate.
FIG. 4. Calculated hole concentration versus reciprocal temperature for
p-type AlLGa _,N/GaN doped superlattices with Al mole fractions of

=0.00, 0.10, 0.20, and 0.30. cantly when taking into account polarization effects, the

overall hole concentration is not enhanced significantly over
the values calculated without polarization effects. Note that a

superlattice structure. Note that in the, @8, N barriers 50161 of 10 enhancement is already obtained without polar-
the hole concentration is much lower that in the GaN We"S*ization effects.

while concurrently, the ionized acceptor concentration in the

Al,Ga _,N barriers is much higher than in the GaN wells. DOPED SUPERLATTICES—EXPERIMENTAL
This modulation of carrier concentration and ionized accep- _

tor concentration due to the modulation of the valence bandRESULTS
energy is the underlying physical process that enhances the The structural characteristics and electronic properties of
free-hole concentration in doped superlattice structures.  Al,Ga,_,N/GaN doped superlattice structures grown by
The calculated effective carrier concentration versus inMBE are analyzed. The superlattices consist of 20 periods of
verse temperature for various superlattice structures is deequally thick AlGa _,N barriers(10 nm and GaN wells
picted in Fig. 4. In Fig. 4 there are four curves, each repre{10 nm). Figure 5 is a schematic diagram of the samples on
senting a superlattice structure with a different Al content inwhich electronic measurements are conducted. The
the AlLGa, _«N barrier, illustrating the effective carrier con- Al,Ga _,N and GaN layers are uniformly doped with Mg at
centration versus the inverse of temperature. Examination af level ofNy,~10cm™3. The Al mole fractions of the two
each of the four curves shows that the effective carrier condifferent doped superlattices are=0.10 and 0.20, respec-
centration is enhanced for a given temperature until the temtively.
perature reaches the freeze-out/saturation transition tempera- Superlattice crystal quality, Al mole fraction, and peri-
ture of approximately 700 K. Note that the slopegafersus  odicity are evaluated by a high-resolution x-ray diffraction
1/T in the freeze-out regime represent the effective ionizatechnique. A Philips X-pert”diffractometer equipped with a
tion energy of the acceptor. The slopes indicate that the ad220)-oriented Ge Bartels-type monochromator, and three-
ceptor activation energy decreases with increasing Al moléold Ge (220 analyzer crystal was used for the measure-
fraction in the superlattice barriers. ments. The measurements were performed with Guite-
Recently, it was proposed that spontaneous polarizatiodiation.
and piezoelectric polarization plays a role in enhancing the  The double-crystal rocking curves for two 20-period
hole concentration in doped superlattice structdf&ponta-  p-type AlLGa,_,N/GaN doped superlattices are shown in
neous and piezoelectric polarization effects can create highig. 6. The two satellite peaks that correspond to-tHg +1
internal electric fields that tilt the band edge with respect toorders of reflection confirm that both superlattice structures
the Fermi level. As a result, some acceptors are mivedolv ~ have a periodic variation of the chemical composition and
the Fermi level while other acceptors are mowdbvethe  good parallelism of the interfaces between the GaN and the
Fermi level. Thus, polarization effects create an additionalAl,Ga; ,N layers of the superlattice. The parameters de-
band modulation that may increase the ionized acceptor comived from the relative position of the 1, +1, and O reflec-
centration over what is achieved with only the modulation oftions give superlattice periods of 18.5 and 19.5 nm for the
the valence band edge induced by the superlattice structurstructures with an Al content af=10% and 20% in the
Due to the complex atomic structure of the interface ofAl,Ga N barriers, respectively. These data are in good
wurtzite heterostructures, it is difficult to predict the exactagreement with the intended superlattice period of 20 nm.
magnitude of spontaneous and piezoelectric polarizatiomnspection of curves 1 and 2 in Fig. 6 reveals that second-
effects?® order reflections are not observed in the rocking curves. The
However, we have calculated the free-hole concentratiosuppression of the second order of reflection is known to
in the superlattices taking into account polarization effectsoccur if the well to barrier layer thickness ratial,Ga, _,N
We find that, although the band diagram changes signifito GaN ratio in our cageis close to 1. The absence of the
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FIG. 6. Double-crystal rocking curves for two 20-period @& _,N/GaN FIG. 7. Hole concentration versus reciprocal temperature for Mg-doped

doped superlattices witfa) x=0.1, and(b) x=0.20. Al,Ga _N/GaN superlattice samples with Al mole fraction in the barriers
of x=0.10 and 0.20. Also shown is a uniformly Mg-doped bulk GaN sample
with an acceptor activation energy of 200 meV.

second-order reflections confirms that the GaN well thick-
ness is very similar to the AGa, _,N barrier thickness in the
Al,Ga _,N/GaN superlattices studied here. constant, andr is the absolute temperature. The measured
The average Al mole fractior in the superlattices can activation energies for the superlattices witk 0.10 andx
be derived from the zero-order reflection position. Using the=0.20 are 58 and 70 meV, respectively. This result clearly
zero-order position, we determine average Al mole fractionshows that doped AGa _,N/GaN superlattice structures
of 5.25% and 9% for the two superlattice structures considhave a lower activation energy than Mg-doped bulk GaN.
ered here. The average Al mole fraction is in good agreement At room temperature, the carrier concentration of the
with the values set during the growth of the samples. Takingloped superlattice structures arex 20%cm3 and 4
into account that the GaN well and /8a,_N barrier layer X 10'%cm™2 for an Al mole fractionx=0.10 and 0.20, re-
thicknesses are equal, the Al concentration in thgs8)_,N  spectively. The sample with an Al content of 20% has a
barrier layers are 10.5% and 18% for the two superlatticdactor of 2 larger carrier concentration than the sample with
structures, close to the nominal values of 10% and 20%an Al content of 10%. Thus, the free-hole concentration in-
respectively. creases with an increase in Al mole fraction in the barriers of
The somewhat asymmetric shape of the superlattice rg¢he superlattices. This increase is consistent with theory. It
flections displayed in curve 2 of Fig. 6 indicates that thereshould be noted that most free carriers reside in the GaN
may be a slight Al composition gradient in the,Gia,_,N  layers. Assuming that the carrier concentration in the barriers
barrier layers of the superlattice structure with Al mole frac-is much smallef,the actual free-carrier concentration in the
tion of x=18%. The Al composition in the AGa,_,N bar-  GaN layers of the superlattice is8L0*¥cm™3, which is the
riers may gradually increase towards the surface of the strudiighest free-hole concentration reported in GaN.

ture. Katsuragawa and co-workéfsshowed that as the Al
Hall-effect measurements in the van der Pauw configucontent isincreasedin bulk Al,Ga N from x=0.00 tox
ration were conducted on Mg-doped,&la, _,N/GaN super- =0.33, the free-hole concentratidecreasesnonotonically.

lattice samples. Photolithographically defined, 85 nm thickTanaka and co-workeiSreported that the Mg activation en-
Ni contacts were deposited by electron-beam evaporatiorergy increases from 157 meV in GaN to 192 meV in
All samples display ohmic¢linean |-V characteristics. The AlgodGaN,gN. In contrast, Fig. 7 indicates that doped su-
samples were cooled in a Cryo Industries liquid nitrogenperlattice structures havemaller activation energies and
cryostat. Hall-effect measurements were made between 150arger carrier concentrations as the Al mole fraction in the
400 K with 10 K intervals using a magnetic induction of 0.5 barriers is increased.
T. The conductivity versus temperature for the two super-
Figure 7 shows the free-hole concentration versus reciplattice structures is depicted in Fig. 8. At room temperature,
rocal temperature. The hole concentration displays an expdhe conductivity for the superlattice with=20% has a con-
nential dependence versud 1fbr temperatures in the range ductivity almost a factor of 3 greater than for the superlattice
220-400 K. The natural logarithm of the carrier concentrawith x=10%Al. Note that the results shown in Fig. 8 are
tion versus reciprocal temperature is fit with a least-squaregsmong the highesp-type conductivities achieved in a llI-
regression algorithm. The activation energy is then deternitride semiconductor containing Al.
mined by the relation Figure 9 depicts the mobility versus temperature for the
In por — E,/(KT), @ doped superlattic_e_ samples. Note that for an in_c_rgase in Al
content, the mobility does not change. The mobilities of the
whereE, is the acceptor activation enerdyis Boltzmann’s  doped superlattice structures increase monotonically with
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FIG. 8. Conductivity versus temperature fetype Al,Ga,_,N/GaN doped

superlattices and bulg-type GaN. FIG. 10. Schematic of a two-period /a,_,N/GaN superlattice structure
represented by a network of resistors perpendicular and parallel to the plane
of the superlattice structure.

temperature by more than a factor of 3 in the temperature

range 150-400 K. This is in contrast to bytktype GaN,

which exhibits a decrease in mobility as the temperature inthe plane of the superlattice structuresitnplifiedschematic

creases beyond 200 K. Due to the temperature dependencedafthe two period AlGa, ,N/GaN superlattice structure is

the mobility, conductivity data without carrier concen- depicted in Fig. 11. In this simplified circuit diagram, the

trationg®?” may result in an overestimation of the acceptorparallel resistors ;) in the AL, Ga,_,N layers have been

activation energy. neglected sinceér;(Al,Ga _N)>R,(GaN). Also, the per-
pendicular resistorsR ) in the GaN layers have been ne-

UNIFORMITY OF TRANSPORT AND CURRENT glected sinc&R, (Al,Ga _,N)>R, (GaN). The resistors rep-

CROWDING EFFECTS IN DOPED SUPERLATTICES resent either GaN or AGa,_N layers and are “bricks”

) ) . (parallelepipedswith a length of 200 nm, a height of 10 nm,

. The transport propgrtles of _superlattlces are mhereqtl)énd a depth of Jum. The depth and length directions are
anisotropic. To determine the impact of the superlatticé,r|iel to the superlattice planes and the height direction is
structure on the current distribution, the superlattice is mods erpendicularto the superlattice planes. The two parallel
eled in terms of a network of resistors perpendicular ancgirections are physically equivalent. Table | displays the nu-
parallel to the superlattice planes. The superlattice is asyerical values of the parallel and perpendicular resistors
sumed to consist of 10 nm GaN and wells and 10 nMgeq in the calculation. A distance of 1@0n is assumed
Al,Ga 4N barriers. Superlattices with 10 and 20 periods argyetween two point-like contacts capping the superlattice
numerically simulated. The Al mole fraction is varied be- gty cture. as indicated in Fig. 10. The resistBs voltage

tween 0% and 30%. Figure 10 illustrates a schematic of Arops across the resistovs, potential at the nodeg; , and
two-period AlLGa,_,N/GaN superlattice structure repre- '

sented by a network of resistors perpendicular and parallel to

O) L
: . : . : . : i N=1 N=2 N=3 N=4 =
9 i
- .a\ p-ggeeias,N/::faﬁtT.XN | ViR = Vo Ry Iy~ Vi Ry, > Vi Ry, Iy~ Gl
2 g |-, N ped superiattice ~AAAMAAMAAA ]
g \ '\. ] Ry Ry Ry Ay
oo 7L —e—se TN 4
£ L
X F o\. i
-6l "~ E Vo Vio iy v, i
= / \C\.\ ] Ry> R, Ry >R, Ry DR, R:; R Ry SR AlyGay 4N
|>_- 5F p-type GaN o\.\. _ Iy Iy I i I3 (M=2)
= N 1
0 4 "'\. i
[}
2 ¢t \; Vs, Rs, Is = Ve, R, I~ V3,Ry. I~ Vg, Ry, I~ GaN
w 31 : NNV AN (M=3)
3 | o 1 Ry Ry Ry Ry
2 x=10% x=20% 1
d e P . . . .
r‘w.—.ﬁn*-.x::X'-'X'—'x""‘L - | FIG. 11. Simplified schematic of a two-period,&a ,N/GaN superlattice
0 A ) . 1 L L . ! . structure represented by a network of resistors. The parallel resistors in the
150 200 250 300 350 400 Al,Ga _N layers have been neglected sirRgAl,Ga _,N)>R,(GaN).
TEMPERATURE T (K) The perpendicular resistors in the GaN layers have been neglected since

R, (Al,Ga _,N)>R, (GaN). The resistor®,; , voltage drops across the re-
FIG. 9. Mobility versus temperature fgrtype AlL,Ga,_,N/GaN doped su-  sistorsV;, potential at the node#;, and current; are enumerated in the
perlattices and bullp-type GaN. same manner as the large-scale simulation.
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TABLE |. Calculated resistor values for=0.10, 0.20, and 0.30 used to

: T
model the doped AGa, _,N/GaN doped superlattice structures with a net- E 13:?0 =
work of resistors. E 1011

P10 @

— F1072 o

Superlattice resistors 1013 =

1o 2

Superlattice structure R, R, 1O &

g o

F1077 =
x=0.10 F10718

Poa=2x107em? 0.36 MQ 3.4 MO s ©

Pa,ca_n=2%101cm Lo g
x=0.20 Jézzz? SYEF

Pgan=5x 10 cm 3 1.6 MQ 1.3 MQ =0 WA

Paica N=4X10%cm™® 5 L= 15 ATT

x 24 —x 19 EHL

x=0.30 0 20 40 60 80 100 5”'7

Doa= 9% 107 cm3 12 MQ 0.72M0 DISTANCE BETWEEN CONTACTS (um)

PaiGa,_ ,N= 5x10%cm 3 20 period 10 nm/10nm Al ,,Ga, 5,N/GaN p-type superlattice

Applied Voltage = 1V; T=2300 K

FIG. 13. Numerical simulation of the absolute value of the current flowing

indi di . din th erpendicular to the superlattice plane in a 20-period 10 nm/10 nm
currentsl; indicated in Fig. 11 are enumerated In the same, - =, \/GaN superlattice structure wifki,=1x 10® cm 3,

manner as the large-scale simulation which has several hun-
dred resistors.
The voltage drop across each resistor in the network ma;

. . . Yution at the contact ranges over more than two orders of
be represented in matrix notatior’as g

magnitude between the firgtop) GaN well and the 20th
V=V applied— A, (8)  (bottom GaN well. At a distance of approximately 2m
from the contact, the horizontal current flow in the superlat-
tice structure is uniformly distributed over all layers of the
superlattice structure. We define the current to be uniformly
distributed, if the currents flowing iany of the GaN layers

is within 10% of theaveragecurrent flowing in the GaN
layers.

Figure 13 shows the current perpendicular to the plane
of the superlattice for a 20-period 10 nm/10 nm
I=C(Vappliea™ Ah), (9 Aly,GasdN/GaN superlattice structure. Note the perpen-
ATI=0 (10) d?cular current chang('as'by. 13 orders of magnitude over a

' distance of 20um. This indicates that the current flowing
whereC is the conductance matrix aid is the transpose of perpendicular to the superlattice structure becomes insignifi-
the edge-node incidence matix cantly small at a small distance from the contact.

Figure 12 shows the simulated current flow parallel to  Figure 14 shows the numerically calculated distance
the superlattice plane in a 20-period 10 nm/10 nm(solid lines and solid symbolsvhere uniform current flow is
Al ,Gay sd\/GaN superlattice structure. The current distri- attained parallel to the plane of the superlattice structure. The
solid lines represent the calculated results of the cudrémt

whereV is the vector of voltage drops across the resistors
V appiied IS the vector of voltage sourceA, is the edge-node
incidence matri€ (also referred to as the connectivity or
topology matriy, and¢ is the vector of unknown voltages at
each node. Ohm’s law and Kirchhoff's current law are em-
ployed to find the unknown currents and voltagesp; and
are expressed as follows:

-
e
%
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8.0 [ Al,Ga,,N/GaN p-doped superlattice (SL) 1
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FIG. 12. Numerical simulation of current flowing parallel to the superlattice
plane in a 20-period 10 nm/10 nmAlGa, gg\/GaN superlattice structure  FIG. 14. Theoretical and numerical results of convergence of uniform cur-
with No=1x10"%cm™3, rent flow parallel to the superlattice plane.
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_ [ L A " increases from 0% to 30%. The change in conductivity is
107 _— 9 o . . .
: —" ] caused primarily by the large difference in the carrier con-
/-/ GaN well ] centration between the two layers. As the Al mole fraction of
,§10_2:_ ‘/' the barrier layers increaseR, increases and so does the
g 2 ] distance from the contact at which uniform current distribu-
N Tta e tion is established. This property of doped superlattices
P e Al,Gay 4N barrier . L .
S g3 L e i needs to be taken into account when designing devices such
5 TR ] as bipolar transistors which require a low access resistance of
é’ \A\ ] the p-type base layer.
S0t e
I p-type AlyGaq.,N/GaN superlattice ] CONCLUSION
[ T=300K ]
S , In conclusion, theoretical and experimental results on the

0 5 10 15 20 25 30 electronic properties of Mg-doped superlattices consisting of
AL CONTENT IN SUPERLATTICE BARRIERS x (%) uniformly doped A}Ga,_,N and GaN layers are analyzed.
FIG. 15. Conductivity versus Al mole fractionfor the AL,Ga,_,N barriers Hall-effect measurements reveal acceptor activation energies
and GaN wells of a superlattice structure. of 70 and 58 meV for superlattice structures with Al mole
fractions ofx=10% and 20% in the barrier layers, respec-
tively. These energies are substantially lower than the acti-
Eq. (9) where the current parallel to the superlattice is uni-vation energy measured for Mg-doped bulk GaN. At room
form within 10% of the average current parallel to the supertemperature, the doped superlattices have free-hole concen-
|lattice. trations of 2< 10®¥cm™2 and 4x 10"8cm™2 for x=10% and
We next derive an analytic expression for the length re20%, respectively. The increase in hole concentration with
quired to attain uniform current distribution. The condition Al mole fraction of the superlattices is consistent with
for uniform parallel current distribution may be translatedtheory. The room temperature conductivity measured for the
into length with the following general expression: superlattice structures are 0.27 S/cm and 0.64 S/cm for an Al
mole fraction ofx=10% and 20%, respectively. X-ray rock-
L=f(R;.R.N,M), (12) ing curve data display the excellent parallelism of the super-
wherel is the length at which uniform current flow is at- lattice structures. We discuss the origin of the enhanced dop-
tained. This length is a function of the number of perpen-ing, including the effect of the superlattice and polarization
dicular resistorsM and the number of parallel resistoks  effects. The transport properties parallel and perpendicular to
We assume that the current distribution among all layers othe plane of the superlattice are analyzed. In particular, the
the superlattice is uniform if the overglerpendicular resis- transition from a nonuniform to a uniform current distribu-

tanceis equal to theparallel resistancei.e., tion occurring in the vicinity of contacts is presented. This
analysis provides a lateral transition length of a few microns
1 1 ) ) . L2 L
—(MR,)=—(NR)) (12)  required to obtain a uniform current distribution within the
N M '

superlattice structure.

whereN is the number of resistor “columns” anll is the
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