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Ab initio calculation of electronic properties of periodically Si-6-doped GaAs
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We report an -ab initio calculation of periodically Si-6-doped GaAs, solving the Schrodinger equa-
tion in a three-dimensional system. We show, in the regime of high donor concentration, that the
subband 4, even for small period (p = 45 A), exhibits small dispersion as does a 2D system. Also,
we discuss the stability of the Si sheet in the bulk, and the electronic properties of the clustering

Siga-Sias.

Several works on low-dimensional systems have been
devoted to the so-called § doping, or sheet doping,! which
was originally proposed by Wood et al.? Today the idea
of & doping of GaAs by silicon impurities during the
growth by molecular beam epitaxy or metal-organic va-
por phase epitaxy is very well established, but some im-
portant questions remain, particularly in the regime of
high donor concentrations. In this paper we will discuss
questions related to (i) the diffusion of the Si atoms in §
doping of GaAs, (ii) the decrease of carrier concentration
when the Si § doping increases higher than 103 cm™2,
and (iii) the transition from two dimensions to three di-
mensions in the multi § doping. Recently Liu et al.® have
observed Si § in GaAs by high resolution transmission
electron microscopy in very high donor concentration of
Si, higher than 10*4 cm~2. It was found that the diffusion
of the Si atoms is limited to only about 3 ML. In high
density doses, when the Si concentration exceeds ~ 1013
cm™2, the carrier density decreases abruptly.? The reason
for this behavior is yet an open question.

Optical analysis such as absorption, or luminescence
spectroscopy, of a single §-doping layer is complicated
due to the very low overlap between hole and electron
wave functions which means a very low radiative recom-
bination probability. This problem can be avoided if in-
stead of a single §, we consider a multi-d-doped layer.
Then in a periodically §-doped structure, the overlap of
the carrier wave function from adjacent layers gives rise
to the formation of minibands whose bandwidths depend
on the separation of the layer (period) and consequently
an enhancement of the recombination rate is expected.>™®

All theoretical approaches in these systems were done
on the basis of the effective-mass theory (EMT),10:1!
where the three-dimensional (3D) problem is reduced to
the simple one-dimensional Schrodinger equation

K g2

- 2m* d2?

+ VH,xc(z) lIJﬂ,kz (Z) = 6'n‘I}'n,k, (Z), (1)

where m* is the effective mass at the botton of the
conduction band and Vg x. is the Hartree potential
plus exchange-correlation potential from the free-electron
gas.'? n and k, are the miniband index and the wave vec-

tor in the z direction, respectively.
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In the high electron (donor) concentration regime,
Eq. (1) is probably not efficacious because the § poten-
tial becomes very deep. If we have a multi-é doping with
a small period (< 100 A) in high concentration (> 10*
cm~?) a treatment beyond the effective-mass theory is
necessary, particularly in the study of the 2D to 3D tran-
sition.

This work presents a microscopic model based on an
ab initio theoretical calculation of multi-6 doping ad-
dressing the above mentioned questions. We solved the
Schrédinger equation in a real 3D system. Our calcula-
tions were carried out using a tetragonal supercell, within
the local density approximation using an ab initio nonlo-
cal pseudopotentiall® with up to I = 2 and a plane-wave
expansion up to 12 Ry in kinetic energy in the Kleinman-
Bylander!4 formulation. The Kohn-Sham equations are
solved in the Car-Parrinello scheme.'® The total energy
and the total charge were calculated with an Evarestov-
Smirnov'® special set of two k points (3 0 ) and (5 3 ),
with the same weighting factors, appropriated for tetrag-
onal crystal lattice. In Fig. 1 we represent a schematic
structure of the three-dimensional unit cell of GaAs:§ Si
superlattice as grown along the (001) direction.

In this calculation we study four distinct cases related
to concentration (n) and doping period (p): (i) n = 6.25x
10 cm™2, p = 45 A; (ii) n = 3.12 x 10" cm™2, p = 45
A; (iil) n = 6.25 x 10** cm™2, p = 22 A; and (iv) n =
3.12 x 10 cm~2, p = 22 A. These situations correspond
to 1 ML and 0.5 ML if the Si atoms occupy the Ga sites
in the crystal lattice without spread.

In Fig. 2 we show our results for the multi-§-doping
band structure along the k, direction (in units of the
lattice parameter of each unit cell). We have plotted the §
energy level dispersion (4 band) for two periods p = 45 A

—a— [oo1]
FIG.1. Three-dimensional unit cell of a GaAs/Si §/GaAs
superlattice. Larger circles represent Ga atoms, smaller

empty and full circles represent As and Si atoms, respectively;
a is the bulk lattice parameter.
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FIG. 2. Calculated electronic dispersion for § doped in

GaAs along K, ({(001) direction). The empty circles and full
circles represent the & band for p = 45 A and p = 22 A,
respectively, and a Si concentration of 3.12 x 10** cm™2.

FIG. 3. Calculated squared single-particle wave functions
at the ' point for p = 45 A and n = 3.12 x 10 cm™?: (a)
bottom of the conduction band, (b) Si § band, and (c) top
of the valence band. The larger full circles represent the Si
atoms in the Ga site, on a (110) plane.
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FIG. 4. Calculated electronic dispersion for § doped in
GaAs along K., ((100) direction). The triangles represent
the top of the valence band (VB) and the conduction band
(CB) and the full circles represent the Si § level for p = 45 A
and n = 3.12 x 10** cm ™2

and p = 22 A, both cases with n = 3.12 x 10'* cm™2.
The 6 level presents a dispersion around 120 meV for
p =22 A and a small dispersion, 23 meV, for p = 45 A.
As expected, when the period decreases, for the same
donor concentration, the subband width must increase
because of the coupling between adjacent § wells.

The confinement on multiple é of the two-dimensional
gas is shown clearly in Fig. 3. We have plotted the charge
density for (a) the conduction band, (b) the § band, and
(c) the valence band (the levels correspond to the case of
p =45 A and n = 3.12 x 10'* cm2). For the conduction
band and valence band there are big delocalizations in
charge; however, for the § band (at the I" point), we have
a very strong charge confinement in the layer.

From our calculations it is also possible to analyze the

FIG. 5.

Results for complex configuration Siga-Sias: (a)
the total valence band charge density and (b) the squared
single-particle wave function for the unoccupied Si § level at
the I" point. The larger full circles are the Si atoms.
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band structure in the k., directions. In Fig. 4 we have
plotted the energy bands only around the I point'” as a
function of k,,, for p = 45 A and n =3.12 x 10™ cm™2.
As we can see, the § band has a parabolic form, which
is expected if the electrons behave like a free-electron
gas in the z-y plane. The effective mass calculated via
the parabolic fitting is 0.065 m., which is in very good
agreement with the experimental value for the conduc-
tion band of GaAs.

Very interesting works have been done about the tran-
sition from 2D to 3D behavior in the low concentration
donor regime®19!® for multi-6 doping. These works show
that for a period lower than 100 A we get a 3D behavior.
From our ab initio calculation we see that even when the
period is very small (45 A) we have a 2D behavior if we
have a very high donor concentration. The reason is that
in the high concentration regime, we have a very deep
§ potential which provides high localized states. These
results can be also obtained qualitatively by EMT. We
solve Eq. (1) using p = 45 A and n = 6.25 x 10'* cm™2
and we obtain 10 meV for the §-band width and a very
deep potential. The 2D to 3D crossover is related to the
stronger overlap between the wave function of the Si ¢
of adjacent layers, as we can see in the large bandwidth,
120 meV, for a period of 22 A.

Our total energy calculation, for single neutral Si de-
fects in GaAs with the Si atom in the tetrahedral Ga site,
shows a small inward relaxation of the nearest-neighbor
As atoms (~1% of the bond length).!® In the case of Si &
doping in GaAs for high donor concentration, we obtain
a very small dislocation of the As atoms, neighbors of
the Si atoms, outward of the doped plane (~2% of the
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bond length). We conclude that the sheet of Si atoms in
the Ga site is a stable configuration. To understand the
decrease of the carrier density at donor concentrations
higher than 10'3 cm~2,* we consider the possibility of
the Si atom occupying also the As site (Sias) in a doping
period of p = 45 A with 2 ML (Ga and As planes) half
occupied. From our calculation we obtain for this com-
plex configuration (Siga-Sias) no electronic levels in the
gap, leaving the center electrically inactive. In Fig. 5(a)
we plot the total charge distribution for the Siga-Sias
system. It is interesting to observe a strong chemical
bond between the two Si atoms confined. The electronic
charge distribution over the two Si atoms is almost the
same, giving a dipole moment close to zero. In Fig. 5(b)
we show the unoccupied impurity level for the Siga-Sias
pair. The squared single-particle wave function is very
similar to the single Si é [Siga, see Fig. 3(b)], as we ex-
pected.

In summary we have performed an ab initio calculation
for multi-§ Si doped in GaAs showing that (i) the 2D-3D
transition does not occur even for a small period (p =
45 A) in high donor concentration and presents a small
dispersion for the § band, 23 meV; (ii) the sheet of Si
atoms in the Ga site is a stable configuration; and (iii)
the Sig,-Sias clustering is an electrically inactive center,
showing a very small dipole moment. This clustering is
one possible cause for the decreasing in the carrier density
in the high donor concentration regime.

We thank A. B. Henriques (University of Sao Paulo)
for stimulating discussions. This work was supported by
the government agencies FAPESP and CNPq.

*Permanent address: Depto. de Fisica, Universidade Federal
de Uberlandia, 38402-009 Uberlandia, Minas Gerais, Brazil.

'E. F. Schubert, J. Vac. Sci. Technol. A 8, 2980 (1990).

2C. E. C. Wood, G. Metze, J. Berry, and L. F. Eastman, J.
Appl. Phys. 51, 383 (1980).

3D. G. Liu, J. C. Fan, C. P. Lee, C. M. Tsai, K. H. Chang,
D. C. Liou, T. C. Lee, and L. J. Chen, Appl. Phys. Lett.
60, 2628 (1992).

“M. J. Ashwin, M. Fahy, J. J. Harris, R. C. Newmann, D. A.
Sanson, R. Addinall, D. S. McPhail, and V. K. M. Sharma,
J. Appl. Phys. 73, 633 (1993).

5Q. Y. Ye, A. Zrenner, F. Koch, and K. Ploog, Semicond.
Sci. Technol. 4, 500 (1989).

Q. Y. Ye, B. I. Shklovskii, A Zrenner, F. Koch, and K.
Ploog, Phys. Rev. B 41, 8477 (1990).

"A. C. Maciel, M. Tatham, J. F. Ryan, J. M. Worlock, R.
E. Nahory, J. P. Harbison, and L. T. Florez, Surf. Sci. 228,
251 (1990).

88. M. Shibli, L. M. R. Scolfaro, J. R. Leite, C. A. C. Men-
donga, F. Plentz, and E. A. Meneses, Appl. Phys. Lett. 60,
2895 (1992).

°A. B. Henriques and L. C. D. Gongalves, Surf. Sci. 305, 343

(1994).

'®Marcos H. Degani, J. Appl. Phys. 70, 4362 (1991).

1A, B. Henriques and L. C. D. Gongalves, Semicond. Sci.
Technol. 8, 585 (1993).

21.. Hendin and B. I. Lundqvist, J. Phys. C 4, 2064 (1971).

3D. R. Hamann, M. Schliiter, and C. Chiang, Phys. Rev.
Lett. 43, 1494 (1979); G. B. Bachelet, D. R. Hamann, and
M. Schliiter, Phys. Rev. B 26, 4199 (1982).

L. Kleinman and D. M. Bylander, Phys. Rev. Lett. 48, 1425
(1982).

'SR. Car and M. Parrinello, Phys. Rev. Lett. 55, 2471 (1985).

!R. A. Evarestov and V. P. Smirnov, Phys. Status Solidi B
119, 9 (1983).

"For K points far from I' it is difficult to maintain the correct
occupation levels because of the strong overlap between the
6 band and the conduction band.

'8C. A. C. Mendonga, F. Plentz, J. B. B. Oliveira, L. M.
R. Scolfaro, D. Beliave, S. M. Shibli, and J. R. Leite, Phys.
Rev. B 48, 12 316 (1993); A. B. Henriques and S. M. Shibli,
Braz. J. Phys. 24, 254 (1994).

'®T. M. Schmidt, M. J. Caldas, and A. Fazzio (private com-
munication).



