Third-order optical susceptibility in short-period GaAs doping superiatiices
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We propose that short-pericd doping superlattices are suitable for the enhancement of a third-
order susceptibility arising from free carriers in nonparabolic energy subbands. The inherent
advantage Hes in the ability to simply engineer the superiattice potential profile, yielding
control of miniband energy dispersion. We consider short-period GaAs doping superlattices
composed of uniformly doped donor and acceptor layers, and planar-doped n- and p-type
monolayers separated by intrinsic regions. Calculations of the electronic stracture of
compensated and n-type noncompensated n-i-p-i superlattices incorporating miniband
dispersion at nonzero temperature are reported. We show that smali modulations of the
superlattice potential lead to large subband nonparabolicities and we calculate a twentyfold
improvement in the third-order susceptibility over buik GaAs at room temperature,
comparable to that predicted for GaAs/AlGaAs compositional superlattices.

i INTROBUCTION

Semiconductor superlattices allow the development of
materials with enhanced optical and electrical characteris-
tics over those found in their bulk constituents. Current
semiconductor superlattices are either a periodic sequence of
thin layers of two different semiconductors {compositional
superlattice}, or a periodic variation of impurities in an oth-
erwise homogeneous semiconductor (doping or #-i-p-f su-
perlattice). For both doping and compositional superlat-
tices, a cue-dimensional pericdic potential is introduced in
the direction of growth which modifies the bulk electronic
band structure. Optical and electronic properties can there-
fore be engineered through selection of the superlattice fabri-
cation parameters.

Doped bulk semiconductors, particularly small band-
gap materials, exhibit nonresonant optical susceptibilities
arising from the nonlinear motion of carriers in norparabo-
lic energy bands.' Such nonresonant optical nonlinearities
would eliminate the necessity of light sources with well-de-
fined wavelengths and avoid the large concomitant absorp-
tion inherent in resonant phenomenon {e.g., near-band-gap
nonlinearities}. That compositional semiconductor super-
lattices might also exhibit nonresonant optical nonlinearities
has been recognized.’™ In a GaAs/AlGaAs superlattice
with appropriate fabrication parameters, it has been calcu-
lated that electronic subband nonparabolicities should in-
crease the third-order susceptibility, ¥**, approximately 20~
30 times over that found in bulk GaAs.>*

An analogous optical nonlinearity will also be manifest
in short-period doping superlattices.” We propose that the
utilization of a doping superlattice is in fact more suitable for
the enhancement of this y'*. The inherent advantage lies in
the ability to simply design the profile of the space-charge-
induced superlattice potential, modifying the subband ener-
gy dispersion and therefore miniband nonparabolicity. This
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¥ is directly dependent upon both miniband nonparaboli-
city and free carrier density; to achieve an appreciable opti-
cal nonlinearity, doping superlattices with significant free
carriers (i.e., noncompensated) must be considered. The
electronic structure of 2 noncompensated n-i-p-f superiattice
therefore requires a seif-consistent solution,® unlike the
straightforward calculation of a compensated doping super-
lattice.

This paper reports the theoretical investigation of short-
period compensated and n-type noncompensated GaAs
doping superlattices for optimization of a nonresonant third-
order opiical susceptibility. We consider two doping super-
lattice geometries: uniformly doped donor and acceptor lay-
ers, and planar-doped {5-doped) #- and p-type monclayers
separated by intrinsic regions. We first use compensated
doping superlattice calculations to determine the potential
profile which gives an optimum nonparabolic first subband,
and then self-consistently determine the resulting optical
nonlinearity in noncompensated doping superlattices pos-
sessing the same potential shape. In Sec. I the theory of y®
due to electrons in nonparabolic minibands is described, and
an expression for the thermally averaged subband nonpara-
bolicity is derived. An outline of the calculation of electronic
structure of doping superlattices taking into account sub-
band dispersion at nonzerc temperature is also included.
The subband dispersion and resulting nonparabolicity found
for compensated GaAs superlattices at room temperature is
presented in Sec. IIL. In Sec. IV nonparabolic minibands are
populated with electrons and the third-order susceptibilities
in noncompensated doping superlattices are calculated. Sec-
tion V is a discussion and summary of these results.

. THEORY
Significant nonresonant opiical susceptibilities are
found in doped bulk semiconductors because of the nonlin-
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ear motion of free carriers responding to driving optical
fields.! Nonlinear motion of electrons arise in turn from a
nonparabolic energy dispersion relationship. We consider
the case of degenerate incident fields with polarization parai-
Ief to the superlattice growth direction. In analogy with bulk
semiconductors,’ the third-order susceptibility in the limit
of long wavelength (#fiw € £ ) for this situation is

Yoo, — o) = — ne'/24(#in)* 1(EW), (1}

where electron concentration is #, and e is the charge of an
electron. Other contributions to ¥* in this frequency degen-
erate case (such as electron energy dissipation via inelastic
collisions®) which are not related to the superlattice proper-
ties are ignored. The thermally averaged nonparabolicity,
{E™), is given by
@ o 3'E .
(B9 = 3 71Ew)] 2 / SAEWL @)
K 2 &

where f | £} is the Fermi-Dirac distribution function. For n-
doped bulk semiconductors using Kane’s model® Eq. (2)
becomes'*

(E(4)> —

1+ 8E,/5E, ) 3
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(m*Y’Eg \ (1 + 4E/E;)*?
where m* is the electron effective mass, £, is the band-gap
energy, and the Fermi energy £, lies within the conduction
band. For a semiconductor superlattice we use the effective

mass approximation in directions transverse to the growth
direction,

ER)=E, (k) + E (k) =E (k) + (Fkl/2m*), (4)
to obtain
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which can be simplified* to give'®
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where d is the superlattice period and £ W = (3 /0%, )"E. In
Egs. (5) only the first miniband is considered; a sum over
subbands in Egs. (5) would be required if higher subbands
are occupied. Note that » in Eq. (1) corresponds to the elec-
tron density occupying the first miniband. In this paper de-
rivatives are determined numerically, and hence the numer-
ator of Eq. (5b) gives greater accuracy compared to Eq.
(5a).

Itis obvious from Eq. (2) that for this optical nonlinear-
ity, dispersive subbands are required to achieve a finite
contribution te ¥, The majority of the theoretical and ex-
perimental resulis from GaAs doping superlattices'' corre-
sponds to long-period geometries in which well-confined
carriers occupy nondispersive energy levels in the growth
direction. However, for short-period doping superlattices,
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wave functions of charge carriers in adjacent wells overlap
sufficiently to give rise to dispersive subbands. As an exam-
ple, the conduction minibands of a uniformly doped struc-
ture with its sinuscidal superlattice potential profile are
sketched in Fig. 1. Equally spaced §-doped monolayers sepa-
rated by thin intrinsic regions result in a triangular potential
profile (the so-called sawtooth n-i-p-i superlattice'?}. The
superlattice potential barrier strongly affects the carrier
wave function overlap between wells, and hence the poten-
tial profile will influence the miniband dispersion.

For compensated (or depleted) doping superiattices
considered in Sec. III, the number of donors and acceptors
are equal in each period (n,d, = n,d, ), so the superlattice
potential arises exclusively from the ionized impurities and
can be determined analytically. For compensated superlat-
tices the amplitude of the superlattice potential modulation
will be®

& d, \* d, \*
Vmax = [nD ( 4 ) + By (__P__) + nandij[ ’ (6)
€ 2 2

where € is the dielectric constant and the fabrication param-

eters are uniform donor concentration #, with layer thick-

ness d,, uniform acceptor concentration # , with layer thick-
ness <, and intrinsic layer thicknesses of d,. Notice that
through judicicus selection of superlattice parameters, a
continuous variation of potential amplitude and periodicity
{d =d, 4 d, + 2d,) can be independently achieved.

For n-type noncompensated doping superlattices con-
sidered in Sec. IV (npd, > n,d,), the superlattice potential
arises from the contribution of both ionized impurities and
free electrons. Thus, the superlattice potential, subband dis-
persion, and carrier distribution must be found self-consis-
tently.® We utilize a procedure similar to that described by
Zeller et al.,'* extending the calculation to room tempera-
ture. The one-dimensional periodic potential is the combina-
tion of three terms®:

>N

FIG. I. Real space diagram of supetiattice potential profile, V; (z), con-
duction subbands (shaded regions}, and dopant layer sequence of a uni-
formly doped short-period doping superlattice.
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The first term represents the space-charge potential arising
from bare ionized impurities found from integrating Pois-
son’s equation. The second two terms, the Hartree, and the
local exchange and correlation potential,’* are dependent
upon the electron distribution, #(z).
Given a potential profile, the one-dimensional Schro-
dinger equation,
# d*
Im* dz*
determines the eigenvalues, F,(k,), and envelope wave
functions, ¥, (i is the subband index). The electron distri-
bution is then given by
-w/d

n(Z);*Z%j [\g;ikz

(¥

Wi + [Ei(h) — Vo (D ]¥0, =0, (8)

2 dk. ff[}g, + E(k,)|dE,.
Q

%)
The Fermi level is found from satisfying the condition

m* w/d o
”“gﬁi dkzi fIE. + E,(k,)14E,, (10)

where the total electron concentration in terms of the fabri-
cation parameters is

n={npd, —n,d,}/d. (11)

In our calculations we choose the upper limit of E, in Egs.
(9) and (10) to be E, + 4%k, 7. The superlattice potential
profile of n-type noncompensated superiattices are found by
numerically solving Eqs. (7)-(10) utilizing an iterative self-
consisient scheme. The criterion for self-consistency is that
the relative root-mean-square variation of n(z) is less than
107°%, requiring typically four iterations.

With knowledge of the superlattice potential profile,
Vi (2), the subband dispersion of compensated and non-
compensated doping superlattices are determined in detail
numerically using the transfer matrix method.'” The super-
lattice potential is approximated by division into 100
piecewise-constant elements. This scheme for determining
the energy dispersion is based upon the continuity of the
envelope wave functions and particle current density across
the interfaces of the discretized potential. In the following
sections the subband nonparabolicities of compensated and
noncompensated GaAs doping superlattices are described.

. COMPENSATED DOPING SUPERLATTICES

In Fig. 2 we plot — (£ ™) vs period for §-doped (solid
curve) and uniformly doped (dashed curve) compensated
GaAs doping superlattices at 300 K for two potential ampli-
tudes. With the constraints of compensation and fixed po-
tential magnitude, V.., each point of the dashed and solid
curves correspond to specific values of dopant concentra-
tions (see caption for descriptions of superlattices A, B, and
C shown in Fig. 2). For comparison we also show the aver-
aged nonparabolicity of rectangular potential profiles which
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FIG. 2. Averaged first subband nonparabolicity vs period for GaAs com-
pensated doping superlattices at 300 K for potential magnitudes of 30 and
100 meV. Superlattice potential profiles: triangular (planar doped); sinu-
soidal (uniformly doped); and rectangular {compositional superlattices).
Fabrication parameters for superlatticc A: d, =d, = 57.5 An,=a,
=2.6% 10" cm % superlattice B: @, =d, =25 A, d, =55 A, n, = n,
=3.0X 10" cm™*; superlattice C:d, =d, = 25A,d, = 47.5A,n, =,
=35x10"%cm™°.

arise in compositional superlattice systems {dotted curve).
A symmetric profile is assumed for all three potential shapes
(trianguiar, sinusoidal, and rectangular) where the well
widths equal the barrier widths. Uniformly doped superlat-
tices with unequal dopant layer thicknesses (d, #d,) yield
results which differ only slightly from Fig. 2. For the planar-
doped superlatiices weset d, =d, = 2.5 A.

Notice in Fig. 2 the sign of the averaged nonparabolicity
is negative, consistent with experimental measurements of
¥ for bultk GaAs.'® The points of maximum {{£ V)| occur
for periods of 90120 A. For shorter periods the magnitude
of the averaged nonparabolicity is dirninished as the subband
dispersion approaches parabolic behavior; longer periods
also exhibit less nonlinearity as the mintband gives way to an
energy level. At a given period in Fig. 2, the magnitude of
{E'¥) increases as the superlattice potential amplitude de-
creases. Finally, note that for a given ¥, planar-doped
superlattices have larger subband nonparabolicities than
uniformiy doped structures, while the rectangular potential
profiles produce the smallest values of the three.

Figure 3(a) illustrates the effect of different potential
amplitudes on the superlattice energy dispersion relation-
ship. As a specific example, we consider the first two sub-
bands of two uniformly doped superlattices with identical
layer thicknesses (4 = 115 A) and with potential magni-
tudes of 30and 100 meV. A smaller ¥, resulisin a narrow-
er first miniband gap; as noted above, a smaller ¥, also
leads to greater subband nonparabolicity. This correlation
between decreasing energy gap and increasing y* has been
experimentally observed in bulk semiconductors' and has
been predicted for compositional superiattices.'” Plotted in
Fig. 3(b) is the subband dispersion arising from the three
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FIG. 3. Subband dispersion and fourth derivative of GaAs doping superlat-
tices where = 115 A. Scale across mini-Brillouin zone given in units of 7/
d, and the zero of energy is the bottom of the wells. (a) Minibands of two
uniformly doped superlattices with different superlattice potential ampli-
tudes. {b) Subbands for the three superlattice potential profiles where V
= 30 meV. {¢) Fourth derivative of first subband of uniformly doped su-
perlattice A in Fig. 2.

potential shapes for a common period of 115 A and potential
amplitude of 30 meV. The energies of the first subband for
the triangular superlastice potential are above those of the
sinusoidal potential profile, which in turn are greater than
the first subband energies for the rectangular potential—the
opposite trend holds for the second minibands. Comparing
Figs. 2 and 3(b}, the smallest first minigap possessed by the
planer-doped superlattice corresponds again to the greatest
first subband nonparabolicity. We show an exampleof E ) vs
k. in Fig. 3(¢) for superlattice A of Fig. 2. The maximum
negative £ “ is found to occur near the upper edge (see also
Ref. 4); however, for the highest states of the miniband, the
fourth derivatives reverse sign. Therefore, an average over
all cccupied states of the subband is crucial in order to calcu-
late the averaged nonparabolicity at nonzero temperatures.

We find the optimum nonlinearity will cecur in doping
superlattices with small potential amplitudes (e.g., 30 meV)
and periods of 90-120 A. Both planar and uniformly doped
n-i-p-f geometries exhibit greater subband nonparabolicities
than the compositional superlattice cases. The compensated
sawtooth doping superlattice yields a maximum averaged
subband nonparabolicity of — 1.5X 10°eV A?, a twentyfold
improvement over undoped bulk GaAs at room tempera-
ture.
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FIG. 4. Electronic and nonlinear properties vs total electron concentration,
n, at zero and room temperature for uniformly doped noncompensated
GaAs superlattices, where 4, =d, = 57.5 A, n, = 2.0% 10" cm ™, and
ny =1, + 22 cm . (a) Fermienergy at 7= K (solid) and T= 300K
{dash}; the haiched areas delineate the subband energies for both tempera-
tures. (b) Averaged nonparabolicity at T=0 K {solid) 2nd T=300 K
{dash). {c) Third-order optical susceptibility at A = 10.6 um for T=0K
{solid) and 7= 300 K {dash).

V. NONCOMPENSATED DOPING SUPERLATTICES

The conduction miniband nonparabolicity treated in
the previous section produces a third-order optical suscepti-
bility upon introducing carriers into the subband. Shown in
Fig. 4 are the electronic and nonlinear optical properties of
uniformly doped noncompensated GaAs doping superlat-
tices as a function of total electron concentration at absolute
zero andd room temperature. In these plots all superlattice
parameters except doner concentration are held fixed; thus,
as 1, increases, the excess electron population increases, and
states of the first subband become occupied. The design pa-
rameters in this figure have been selected se that the non-
compensated superlattice with the first miniband filled (at
absolute zero) possesses the same potential amplitude
(V... =30meV) and period (4 = 115 A) as the compen-
sated superlattice A in Fig. 2.

The conduction subband edges and Fermi energy are
shown in Fig. 4(a), where the zero of energy is the bulk
GaAs conduction band edge. We find that the miniband en-
ergies calculated at 0 and 300 K vary negligibly. For these
short-peried superlattices the lowest subband energy is
stightly lower than the bulk band edge, while the top of the
first miniband extends above the superiattice potential maxi-
mum. At a donor concentration of n, = 3.1 X 10" cm ™3
(1 = 5.5 10" cm™?) the first subband is completely occu-

Chogquette, McCaughan, and Misemer 4390



pied at 7= 0 K, and the potential profile and subband ener-
gies are nearly identical to those found in superlattice A in
Fig. 2. Based on the results of Sec. I, an enhanced |{E“)}|
and therefore y® is expected for this noncompensated super-
lattice.

At zero temperature the magnitude of the averaged non-
parabolicity plotted in Fig. 4(b) initially increases as the
states with subsequently larger fourth derivatives become
occupied [see Fig. 3(c)]. As designed, the maximum
|{E“}| occurs at the electron concentration which just fills
the first miniband. Bevond this carrier density the decreas-
ing — (£ ") isaconsequence of the increasing V,_,, , similar
to the behavior observed in Fig. 2. The third-order suscepti-
bility at 7= 0 K for A = 10.6 um [Fig. 4(c), solid curve]
approximately saturates when the first subband is filled: At
electron densities greater than 5.5 X 107 cm™? the effect of
increasing carrier concentration is nearly balanced by the
decreasing [{E£")|. At room temperature, — (E“) [Fig.
4(b), dashed curve] is smoothed out due to the influence of
the higher thermally occupied miniband states. Hence, the
room-temperature ¥ monotonically increases in Fig. 4(c)
as a consequence of the increase in electron occupation of the
subband, since the averaged nonparabclicity remains fairly
constant.

Figure 5 is a comparison of the third-order susceptibility
versus total electron concentration at room temperature and
A =10.6 um for noncompensated planar and uniformly
doped GaAs superlattices and bulk GaAs. For each super-
lattice curve the fabrication parameters except donor con-
centration are again held fixed. The structures A", B', and C'
indicated in Fig. 5 have a filled first subband (at 7= 0 K}
and the same potential profile as the compensated superlat-
tices A, B, and C, respectively, of Fig. 2. [ The third-order
susceptibilities for the uniformly doped superlattices dis-
played in Fig. 4(c) are reproduced in Fig. 5.} The sawtooth
noncompensated doping superlattices (solid and dotted
curves) exhibit the greatest enhancement as expected.

The susceptibility can be further augmented by re-
ducing the pericdicity and increasing the carrier density. As
an example, reducing the period of a planar-doped structure
from 115 to 100 A (superlattices B and C, respectively,
in Fig. 2) and increasing the carrier concentration from
5.5 10" to 7.5 107 cm > (superlattices B’ and C', re-
spectively, in Fig. 5) gives 2 25% increase in y'®. This occurs
because 2 larger concentration of electrons can be accommo-
dated in the first miniband of the shorter period superlattice
which overcomes the reduction in the averaged nonparaboli-
city. Electron concentrations greater than 8 X 10" cm 3 are
not considered in Fig. 5 since significant occupation of the
second miniband occurs, which is not accounted for in our
calculations. The largest third-order susceptibility shown in
Fig. 5is 3.4 X 1072 esu, which is a factor of 20 greater than
the value for bulk GaAs, and corresponds to sawtooth dop-
ing superlattice with d =100 A, n, = 1.86 X 10" em ™3,
and n, = 1.7X10¥ cm ™.

V. DISCUSSION

To achieve an improvement in the nonresonant ¥y in a
semiconductor superlattice, Eq. (1) shows that a large den-
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FEG. 5. Third-order susceptibility vs total electron concentration at
A = 10.6 um and room temperature for noncompensated GaAs doping su-
perlattices and butk GaAs (dot-dash). The fabrication parameters are
np =n, + 21 cm > and: (i) planar-doped d, = d, =25 A, d, =554,
ny =15x10" em™* (solid); (ii) planar-doped d, =d, =2.5 A, d,
=475A4, n, = 1.7 16" cm ™2 {dotted); (iii) uniformly doped &, = d,
=575 A, n, = 2x 10" cm* (dashed). The superlattices A’, B', and ¢
possess the same potential profile and subband structure as superlattices A,
B, and C, respectively, in Fig. 2.

sity of carriers occupying nonparabolic subbands are de-
sired. We have shown that for compensated GaAs doping
superlattices, periods of $0-120 A and small superlattice po-
tential amphitudes lead to increased first miniband nonpara-
bolicity. Furthermore, we find that n-type noncompensated
superlattices with similar potential profiles exhibit the same
nonparabolic subbands and are significantly populated at
room temperature. Thus, we have shown both conditions
can be fulfilled by proper choice of the design parameters of
either &-doped or uniformly doped GaAs n-i-p-i superlat-
tices. The y® calculations reported in this paper have ig-
nored the influence of the nonparabolicity of higher mini-
bands, and any contribution to the optical nonlinearity due

to intersubband transitions.
Reducing the potential barrier between the electron

wells gives a narrower energy gap between the first and sec-
ond minibands. Greater nonparabolicity in the first subband
is then expected, in analogy with Kane model® of narrow
band gap bulk semiconductors and the Kronig—-Penny mod-
el'” for compositional superlattices. The increase in the non-
parabolicity with decreasing superlattice barrier will not
continue indefinitely: In the limit of negligible superlattice
potential, parabolic energy dispersion wil} be recovered with
1o contribution to the third-order susceptibility. [ Notice the
bulk nonparabolicity, Eq. (3}, vanishes in the limit of small
and large energy gaps.] Our calculations, however, predict
that | (£} | monotorically increases as the potential ampli-
tude decreases; we conservatively estimate that our numeri-
cal results are reliable for superlattice potential amplitudes
greater than 10 meV.

Two important assumptions in our calculations of the
space-charge-induced superlattice potential are that donor
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impurity bands and spatial potential fluctuations arising
from the random distribution of impurities can be ignored.
Both of these aspects have been addressed in Ref. 6. Neglect-
ing donor impurity bands in GaAs is valid due to the small
effective electron mass and small binding energy of typical
donors; hence, electrons can be expected to populate the su-
pertattice conduction subbands and not impurity levels. The
short-range potential fluctuations, arising from the random
distribution of the dopants for the impurity densities consid-
ered, is estirnated to be less than 30 meV as determined from
the unscreened Coulomb energy of a point charge separated
by an average distance from an ionized impurity. Notice that
in noncompensated doping structures the screening by free
electrons should further reduce the potential fluctuations.
We have taken 30 meV to be the minimum realistic doping
superlattice amplitude in uniformly doped structures pos-
sessing impurity concentrations on the order of 10'® cm ™3,
Recently, it has been shown that sawtooth doping superiat-
tices exhibit smaller potential fluctuations’® and therefore
smaller potential modulations and larger nonlinear enhance-
ments may be possible in these materials.

The subband nonparabolicities and resulting third-or-
der susceptibility in the GaAs/AlGaAs compositional su-
perlattice system have been calculated in detail by Chang.?
The author reports a GaAs/Aly, Gag, As superlattice with
well thickness of 57 A, barrier thickness of 14 A, and a car-
rier concentration of 1.8 X 10'® cm ™ * gives a third-order sus-
ceptibility which is 20 times higher than the value in bulk
GaAs at room temperature. For GaAs noncompensated
doping superlattices we also calculate a twentyfold improve-
ment. Compared to the GaAs/AlGaAs system, we find the
optimem GaAs doping superlattices have longer period
lengths and require less electron densities, because of larger
enhancements in the first subband nonparabolicity. Fabrica-
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tion of the optimum noncompensated doping superiattices
described in Sec. IV is feasible, for example, by molecular-
beam epitaxy. The third-order susceptibility of uniformly
doped and §-doped structures are equivalent as compared to
bulk GaAs. However, due to reduced potential fluctuations
and the demonstrated feasibility of growth, sawtooth GaAs
n-i-p-f superlattices may prove to be superior materials for
nonresonant ¥ enhancements.
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