Enhancement of deep acceptor activation in semiconductors
by superlattice doping

E. F. Schubert,® W. Grieshaber, and |. D. Goepfert
Center for Photonics Research, Department of Electrical and Computer Engineering, Boston University,
Boston, Massachusetts 02215

(Received 30 August 1996; accepted for publication 14 October)1996

The thermal activation of acceptors in wide-gap semiconductors can be very low due to large

acceptor activation energies. It is shown that superlattice doping, i.e., the composition modulation

of a uniformly doped ternary semiconductor, can enhance the acceptor activation by more than one
order of magnitude. ©1996 American Institute of Physics.
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The achievement of higlp-type conductivity in many tion were calculated as a function of depth. The composi-
wide-band gap semiconductors has been shown to be difftional modulation used in the computations was either abrupt
cult due to the large acceptor binding enerdiés.the case or parabolically graded. GaN material parameters were used
of II-V nitrides, the acceptor effective Rydberg energies arefor the calculationd. The modulation of the composition was
200-400 meV for commonly used acceptors such as Mg angssumed to be sméll.

ZnZ2In the freeze-out regime, the free hole concentrationina  \We consider the case of a square-shaped valence band
semiconductor with acceptor concentratidg and acceptor modulation. A doping concentration &f,=1x 10'® cm™3

binding energyE, is given by and an acceptor activation energy®f=200 meV are used
1 E in the calculation. The magnitude of the valence band modu-
p=\ /a NaNy exp( — ﬁ_) (1) lation used in the calculation is given hyE,=E, =200

meV. The free carrier concentration along with the doping

Whereg is the acceptor degenera@v is the effective den- concentration are shown in Flg 2. The free carrier concen-
sity of states at the valence band edge, lefids the thermal ~ tration reaches 8 cm™2 in the wells demonstrating very

energy. For an acceptor energy of 200 meV, the electricdnigh activation of the deep acceptors. The effective carrier
activation calculated from Eq.(1) is 6% at room concentration, defined as the arithmetic average over the pe-

temperaturé. riod of the structure, is 10 cm 3. Thus the effective

To overcome the fundamental problem of low acceptoractivation of the acceptor impurities is 50%. The effective
activation, we propose a uniformly doped ternary compounatoncentration is nearly a factor of ten higher than the con-
semiconductor structure with a spatially modulated chemicatentration of an unmodulated semiconductor with the same
composition. The modulation of the chemical compositionmaterial parameters, where a free carrier concentration in-
leads to a variation of the valence band energy. It will beferred from Eq.(1) is 5.5< 10" cm™3, corresponding to an
shown in this publication that the modulation of the valenceactivation of 6%. The higher doping activation in the modu-
band results in a strong enhancement of the acceptor activeated structure will result in higher conductivity in particular
tion. The free carrier properties of composition-modulatedsgr transport in the planes of the modulated layers.
structures will be calculated and discussed. Very high electrical activation of deep acceptors can be

The band diagram of a uniformly doped, composition-achieved, if the acceptor energy levels in the barriers are
modulated semiconductor structure is shown in Fig).1t

is assumed that the acceptor effective Bohr radius is much
smaller than the period of the superlattice, so that the accep- ()
tor levels in the barriers are not influenced by adjacent wells
and vice versdsee, for example, Ref.)5For an effective

mass ofm;; =0.8m,, the effective Bohr radius calculated for
hydrogenic impurities is 6 A, i.e., much smaller than the
period of the superlattice discussed here. Figut® &che-
matically shows the free carrier concentration in the valence
band. The hole concentration is modulated and follows the ®
modulation of the valence band edge.

The calculations of the one-dimensional semiconductor
model were performed on d8Gl) Power Challenge 18 pro-
cessor computer system. Fermi-dirac statistics was used for «
the acceptor and valence band occupancy. The band edge DEPTH z

energies, free carrier concentration, and the acceptor activa-

FIG. 1. (8) Schematic band diagram of a “straddled lineup” semiconductor
superlattice with a modulated chemical compositi@m.Doping concentra-
3E|ectronic mail: efs@bu.edu tion N4, and hole concentratiop.
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FIG. 2. Calculated hole concentration in a semiconductor superlattice with a
modulated valence band energy. The structure is uniform|y dopedAat FIG. 4. Effective hole concentration of a parabolically graded structure as a
=1x10"® cm™3. Also shown is theeffective hole concentratiofpy=5 function of the valence band modulation.
x 10 cm™2) which is the hole concentration averaged over one period.
The dashed line shows the hole concentratipr:5.5x 10 cm™3) in a

bulk semiconductor without composition modulation doped Ngt=1 A useful figure of merit is theacceptor activation effi-

X 10" cm 3, ciencywhich is defined as
_ peff_ 11(% d 4
energetically close to the valence band states in the wells. 7~ N_A_ N_Az_p 0 p(2)dz. 4

This condition can be written as o . )
The efficiency approaches unity for large barriers and narrow

AEy—E.=Eon+ (Ef—Egn) + Egipole: (2)  wells if the condition of Eq.(2) is fulfilled. Efficiencies
>85% are calculated for asymmetric structures with a
whereEg, is the energy of the lowest quantized state relativeparrier-to-well width ratio of 8:1. This activation efficiency
to the top of the valence banEg—Eqp) is the band filling  corresponds to an increase by more than a factor of ten when
of the valence band states, &gl is the energy due to the  compared to an unmodulated structure. Note that the struc-
polarization of the materigband bending The latter energy  yres discussed here are uniformly doped. Diffusion of im-

is given by twofold integration of Poisson’s equation purities is therefore irrelevant assuming that the diffusion
62 (22 (2 coefficient in the barriers and wells is the same.

P ! - i 1 I I -

Edipole= — - fo fo[p(z )—N3(2)]d,dz, (3) We next discuss the free carrier concentration in para

bolically graded structures. The curvature of the paraboli-
cally graded region is chosen in such a way that the electro-
tatic depletion potential of ionzied acceptors in the barriers
S similar to the valence band modulation caused by the com-
positional modulation. This method was shown to result in
low resistances for transport across the barriers when com-
pared to interfaces with abrupt composition chartges.

where z, is the period of the structure. The period of the
structure is chosen small enough to make band bending e
fects negligible and large enougwell thickness>30 A for

mj =0.8m,) to make confinement effects negligible.
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FIG. 3. Hole concentration in a parabolically graded structure for different DEPTH z (A)

magnitudes of the valence band modulatio, . Also shown is the carrier
concentration in a bulk semiconducta@ashed lingwith the same acceptor FIG. 5. Valence band modulation with and without taking into account the
concentration and activation energy. band modulation caused by hole and acceptor charges.

3738 Appl. Phys. Lett., Vol. 69, No. 24, 9 December 1996 Schubert, Grieshaber, and Goepfert
Downloaded-09-Apr-2003-t0-128.113.123.114.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://ojps.aip.org/aplo/aplcr.jsp



The calculated free carrier concentration of three paraabrupt modulation. In addition, parabolically graded struc-
bolically graded structures are shown in Fig. 3. The magnitures were discussed which have reduced resistance for trans-
tude of the modulation iAE,,=100, 200, and 300 meV. port across the interfaces. A 3.6 times increase of the free
The structure has a period gf=400 A. Figure 3 shows free carrier concentration was calculated for parabolically graded
carrier peak concentrations as high-a40'® cm™2 for the  structures.
largest band modulation. The authors thank Dr. R. F. Karlicek, Jr. for useful dis-

The effective free carrier concentration of the paraboli-cussions.
cally graded structure is shown in Fig. 4 for the three differ-
ent band modulations. The carrier concentration of the un-
modulated structure is shown for comparison. For the highestr. F. Davis, Physica B85, 1 (1993.

band modu|atior(A Ey=300 meV}, a 3.6 times higher car- H. Markocand S. Strite, J. Vac. Sci. Technol.1®, 1237(1992.
rier concentration is obtained. E. F. SchubertDoping in IlI-V Semiconductor¢Cambridge University
. . Press, Cambridge, United Kingdom, 1998. 123.
The band modulation of the parabolically graded struc- 41ne parameters used in the calculation gre2, Ny=1x10% cm™3,

ture with AE,=200 meV is shown in Fig. 5. Both the un-  N,=1.8x10"° cm™2, andE,=200 meV. The effective density of states,
perturbed band modulation and the modulation reduced by Ny, is calculated from the parabolic band model using the GaN effective
the electrostatic dipole potential are shown. The spatial sepa-hole mass ofnj =0.8m.

ration of ionized acceptors and holes leads to a reduction offl- Mailhiot, Y. C. Chang, and T. C. Mc Gill, Phys. Rev. 15, 4449

the Yalence band modulation. The ,reSIdual quulanon IS apBThe aésistance of the Center for Computational Science at Boston Univer-
proximately 115 meV. If the potential modulation caused by sity is acknowledged.

the charge dipole becomes comparable to the magnitude ofThe materials parameters includeaf; =0.8mp, Ny=1.8x10" cm3,

the band modulation, a decrease in acceptor activation re-E.=200 meV,T=300 K, &,=9.0.
sults. 8A small modulation of the composition will leave the semiconductor
“GaN-like.” The effective density of state6N,,) and the acceptor bind-

In conclusion, we showed that the electrical activation of ing energy( E,) are therefore taken to be constant, i.e., independent of the

acceptor_s n wu_je-ggp Sem'conductors can be enh"fmced b3{:omposition. Impurity activation energies in ternary IlI-V nitrides were
superlattice doping, i.e., by modulating the composition of a reviewed in Ref. 2. More experimental data would be required to take into
doped semiconductor. For a modulation equal to the acceptoraccount the possible composition dependence of the acceptor activation

binding energy AEV: E.=200 me\}, a more than ten-fold energy. The corrections to the results presented here would, however, be
a )

2
3

. . . minor.

increase of the free carrier concentration from>51®9 to °E. F. Schubert, L. W. Tu, G. J. Zydzik, R. F. Kopf, A. Benvenuti, and M.
8.5x 10" cm 2 is calculated for a short-periog<100 A) R. Pinto, Appl. Phys. Lett60, 466 (1992.
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