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DX center: Crossover of deep and shallow states in Si-doped Al,Ga;_, As
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A new microscopic model for the origin of the DX center in Si-doped Al,Ga,_,As is proposed
based on discrete variational Xa cluster calculations. The calculated level structure shows that the
antibonding A4, state of Si, which lies in the conduction bands as a resonance state in the case of
GaA:s, shifts downwards into the energy gap upon distortion of the neighboring four As atoms in
the case of Al,Ga,_,As. The formation energy of this distorted configuration is estimated from the
shift of the level of the antibonding A, state along with the Keating-model calculation for the lattice
distortion energy. As a result, the distorted configuration is found to be stable in Si-doped

Al ,Ga,_,As.

The semiconducting compound Al,Ga;_,As has been
extensively studied in recent years because of its techno-
logical importance in high-speed and optoelectronic de-
vicess. These devices inevitably require n-type
Al,Ga,_,As layers which can be accomplished by doping
with Si,!73 Sn,*> Te,®~% and Se.>® In the case of rather
small mole fraction of AlAs (x <0.3), each dopant in-
duces a shallow level at a few meV below the bottom of
the conduction band. With increasing AlAs mole fraction
(x >0.3), however, the thermal activation energy deter-
mined from Hall-effect measurements®>~>8~1% is found to
increase drastically to more than 100 meV. Further,
deep-level transient capacitance spectroscopy (DLTS)
measurements show that this center (DX center) has ac-
tivation energy of several tenths of eV to capture carriers
which is different from the activation energy of carrier
emission.5”14=1¢ Moreover, in this range of mole frac-
tion x, persistent photoconductivity effect is ob-
served®—%1%17 after illumination of the sample, and the
photoexcitation energy for this illumination has threshold
of about 1 eV.

The observed increase in thermal activation energy has
been discussed in terms of the effective-mass theory on
the system of multivalleys.*!°~!2!® Since the effective
mass at the X valley, which is the conduction-band
minimum in Al,Ga,_,As (x >0.3), is much heavier than
the effective mass at the I’ point, which in turn is the
conduction-band minimum in GaAs,!® the observed in-
crease in the thermal activation energy could be attributed
to the crossover of the conduction-band minima with in-
creasing AlAs mole fraction. The effective-mass model,
however, cannot explain the persistent photoconductivity
effect at all, unless another type of deep center is always
assumed to exist. Persistent photoconductivity itself,
along with the difference in excitation energies between
carrier capture and carrier emission processes, strongly
suggests the occurence of lattice distortion around the DX
center. At an early stage of investigation on the DX
center, Lang and his collaborators®’ proposed a large-
lattice-relaxation model for persistent photoconductivity
in compound semiconductors. They introduced the
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configuration-coordinate model for the DX center in Te-
doped Al,Ga,_,As, and explained both persistent photo-
conductivity effect and thermal activation energy. Fur-
ther, they argued that microscopic origin of the
configuration-coordinate model is the complex of the
donor atom D and As vacancy V,,: the pair of a Te
atom and an As vacancy at the second neighbor of the Te
atom.?® However, no reliable calculation until now shows
that the pair of donor and As vacancy is formed upon in-
creasing AlAs mole fraction, and the pair induces the
deep level in the energy gap in Al,Ga,_,As. Further, the
existence of As vacancies is unlikely in recent n-type
Al,Ga;_,As grown by molecular-beam epitaxy which
operates with a rather high excess arsenic flux.

At this point, we propose a new microscopic origin of
the DX center on the basis of discrete variational (DV)
Xa cluster calculations?!?? performed for the first time in
this paper. When Si is doped in GaAs, the Si atom is be-
lieved to substitute a Ga site. In this case, Si is in the
field of tetrahedral symmetry. Thus, 3s and 3p orbitals of
Si, along with the orbitals of neighboring atoms, construct
the singlet A, and the triplet T, states, respectively. Fur-
ther, the bonding A4; and T, states lie in the valence
bands of the host GaAs, while the antibonding 4, and T,
states lie in the conduction bands. The hydrogenlike shal-
low level is considered to be induced in this case due to
net positive charge around Si. Next, when the AlAs mole
fraction is increased, the band gap becomes wide and
some of 12 second-neighbor Ga atoms around Si are re-
placed by Al atoms. The Al atom is slightly larger than
the Ga atom so that the first-neighbor As atoms feel
strain field. This strain field triggers the distortion of the
first-neighbor As atoms around Si. Once the surrounding
As atoms are dislodged from the lattice sites, the bonds
between the Si atom and the As atoms are weakened. As
a result of this weakening of the bond, the splitting be-
tween the bonding and antibonding A4, or T, states be-
comes small. Therefore, the antibonding 4, or T, state
which is located in the conduction bands as a resonance
state in GaAs could go down into the fundamental energy
gap in Al,Ga,;_,As. We argue that this level is the deep
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level of the DX center.

In fact, we have calculated the electron states for the
distorted configuration shown in Fig. 1 as a candidate for
the origin of DX center in Si-doped Al,Ga;_,As. Name-
ly, each two of the four nearest-neighbor As atoms are
paired due to the strain field caused from the mixture of
neighboring Al and Ga atoms. The calculation is per-
formed with the basis set of numerical atomic orbitals:
from s to 4p orbitals for Ga and As, and from 1s to 3p
orbitals for Si and Al. The Slater’s exchange-correlation
parameter a is fixed to be 0.7, which is well recognized as
the most optimum value for variety of materials from
atoms to crystal.???> The matrix elements are estimated
by 400 sampling points per atom, which is found to be
enough to discuss the relative eigenvalues within an accu-
racy of 0.05 eV.2!=23 The finite-size effects of the cluster
have been carefully examined, and the cluster consisting
of 59 atoms is found to be suitable. Further, we include
the contribution to the electrostatic potential in the cluster
from 159 surrounding atoms. The 59-atom cluster calcu-
lation is performed for three cases for both GaAs and
Al,Ga;_,As: the host cluster without Si, the cluster with
substitutional Si in the host, and the cluster with pairing
configuration of As atoms around Si. The calculation,
however, is not fully self-consistent in the sense that the
self-consistent atomic charges in each cluster are obtained
from the DV-Xa calculations for another smaller cluster
consisting of 29 atoms because of the capacity of the com-
puter. Figure 2 shows the calculated level structure for
the Al,Ga;_,As host cluster, the cluster with substitu-
tional Si, and the cluster with distorted As atoms. Al
atoms are situated at specific sites, and the ratio of the
number of Al atoms to the number of Ga atoms is about 1
(effective x equals 0.5). In case of the Al,Ga,_,As per-
fect cluster [Fig. 2(a)], the energy gap is 2.3 eV in our cal-
culation. The top of the valence band which corresponds
to the highest occupied molecular orbital in the cluster
calculation has E character in its symmetry. When the
central Ga atom is replaced by an Si atom [Fig. 2(b)], the
antibonding A, state related to the 3s orbital of Si occurs
at 2.4 eV above the top of the valence band. The wave

FIG. 1. Possible atomic configuration for the origin of the
DX center in Al,Ga,;_,As. The second neighbor of Si is the
mixture of Ga and Al atoms. Four As atoms are dislodged
from the lattice sites in the direction shown by the arrows.

function of this A, state consists of the 3s orbital of Si
and the 4p orbitals of first-neighbor As atoms. (60% of
the amplitude of the wave function lies at the Si site and
at the neighboring As sites, and there is no virtual contri-
bution to the wave function from the orbitals at outer
atoms in the cluster.) Namely, this A4, state in the con-
duction band is a somewhat localized resonance state
which could be affected considerably by the local pertur-
bation. In fact, this antibonding A4, state is found to shift
downwards into the middle of the gap [Fig. 2(c)], when
the neighboring four As atoms are dislodged from the lat-
tice sites by amount of + of the bond length so that each
two of the four atoms are paired. In the case of GaAs,
the calculated energy gap is 1.4 eV, and the antibonding
A, state of Si near the conduction-band edge is fairly ex-
tended. (25% of the amplitude of the wave function lies
at outer atoms, while 40% lies at the Si site and at the
neighboring As sites.) Thus, in this case, the 4, level
does not shift significantly by the local perturbation.?*
The wave function of a resonance state is generally ex-
tended. However, in case that the system has the charac-
ter of randomness as in Al,Ga;_,As, the resonance state
can be localized to some degree.

When a deep level in the gap appears, transferring an
electron from a shallow level to the deep level results in
gain in the electronic energy. If this gain in energy over-
comes the cost of energy to distort surrounding atoms, the
distorted atomic configuration becomes stable. In Fig. 2
we see that the antibonding resonance state shifts down-
wards with increasing magnitude of distortion Q, crosses
the edge of the conduction band at Q,, and then goes deep
into the gap. Thus, when we assume linear dependence of
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FIG. 2. Calculated level structure for three kinds of clusters:
(a) Al,Ga,_,As perfect cluster, (b) the cluster with substitution-
al Si in Al,Ga,_,As, and (c) the cluster with distorted As atoms
around Si in Al,Ga;_,As. The energies are measured from the
top of the valence band (E state), and the antibonding A, state
is denoted by A;. The surface states whose wave functions con-
sist exclusively of the orbitals at the boundary atoms in the clus-
ters are eliminated in these figures.
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FIG. 3. Total energy E (Q) for the distorted atomic configu-
ration.

the shift of the level on the magnitude Q, the electronic
energy E,(Q) gained by transferring an electron from the
shallow level to this deep level is E,(Q)= —a(Q —Qy).
On the other hand, the energy cost E;(Q) to distort the
lattice is E;(Q)=bQ% Thus, the total energy
E(Q)=E,(Q)+E(Q) to form the distorted atomic con-
figuration around the dopant exhibits three types of cur-
vatures shown in Fig. 3. First, when Q, <a/(4b), E(Q)
has the minimum at finite value of Q =Q,,, and there is a
barrier for the transition from metastable state at Q¢ =0 to
the stable state at Q =Q,, [Fig. 3(a)]. At the stable state,

the deep level originated from the antibonding A, state is
present in the gap. Second, when a/(4b) < Q¢ <a /(2b),
E(Q,,) becomes larger than E(0) [Fig. 3(b)]. Thus, in
this case the stable configuration is an undistorted one,
and there is no deep level in the gap. However, the con-
figuration of Q =Q,, exists as a metastable state which
may be detected experimentally. Third, when
Qo>a/(2b), Qy becomes larger than Q,, [Fig. 3(c)].
This corresponds to the ordinary case of little lattice dis-
tortion around the dopant. In the case of Si-doped
Al,Ga,_,As, the present DV-X a calculation gives the
values of a =1.4 eV/a.u. and Q;=0.03 a.u. As for the
lattice-distortion energy, we use the Keating model?*2® for
the cluster consisting of 169 atoms which are permitted to
be relaxed to minimize the distortion energy. This gives
the value of b =7 eV/(a.u.)®. Therefore, the total energy
E(Q) has the type of curvature shown in Fig. 3(a). The
thermal activation energy for an electron trapped in this
center is E(Q,,)—E(0) in this scheme, and is calculated
to be 30 meV. From the experiments, the thermal activa-
tion energy is about 150 meV and the barrier for the cap-
ture of carriers is about 0.4 eV. Then the calculated
values in the present work is rather smaller than the ex-
perimental values. However, the overall feature of the ob-
tained curvature of E(Q), i.e., minimum at Q =Q,, and
barrier for the transition from Q =0 to Q =Q,,, could
provide qualitative explanation for both thermal activa-
tion energy and persistent photoconductivity.

The essential feature of the above microscopic model
for the origin of the DX center is the downward shift of
the level of the antibonding state due to the weakening of
the bond upon lattice distortion. Thus, it is possible that
another type of distortion makes the antibonding state go
deep into the gap. Recently, Mizuta et al.?’ performed
DLTS measurements on Si-doped and Sn-doped GaAs
under hydrostatic pressure, and have found that the DX
center appears when the pressure is more than 24 kbar.
This can be understood by noting that the widening of the
band gap due to increasing pressure causes crossover of
the conduction-band minimum and the level of the anti-
bonding state. The position of the deep level in the gap,
however, is different from that of the DX center in
Al,Ga;_,As. This data, along with the recent Hall effect
measurements on n-GaAs/n-AlAs and n-GaAs/AlAs su-
perlattice structures,!® suggests that the variety of ob-
served DX centers is not a unique atomic configuration
but a class of distorted atomic configurations.?®

In conclusion, we propose a new microscopic model for
the origin of the DX center in Si-doped Al,Ga,_,As: the
Si atoms surrounded by the distorted neighboring As
atoms. The DV-Xa calculation for the 59-atom clusters
performed in this paper support the above model. The
obtained total-energy curve has the characteristics to ex-
plain both thermal activation energy and the persistent
photoconductivity effect. In order to make a definite
identification for the DX center, however, a first-
principles formation-energy calculation is required.

We would like to thank M. Ogawa, M. Mizuta, T.
Baba, T. Mizutani, T. Inoshita, and N. Iwata for useful
discussions.



33 BRIEF REPORTS 4323

Y. G. Chai, R. Chow, and C. E. E. Wood, Appl. Phys. Lett.
39, 800 (1981).

2T. Ishikawa, J. Saito, S. Sasa, and S. Hiyamizu, Jpn. J. Appl.
Phys. 21, L675 (1982).

3T. Ishibashi, S. Tarucha, and H. Okamoto, Jpn. J. Appl. Phys.
21, L476 (1982).

4N. Lifshitz, A. Jayaraman, R. A. Logan, and H. C. Card,
Phys. Rev. B 21, 670 (1980).

SM. Ayabe, Y. Mori, and M. Watanabe, Jpn. J. Appl. Phys. 20,
L55 (1981).

6D. V. Lang and R. A. Logan, Phys. Rev. Lett. 39, 635 (1977).

’D. V. Lang, R. A. Logan, and M. Jaros, Phys. Rev. B 19, 1015
(1978).

8R. J. Nelson, Appl. Phys. Lett. 31, 351 (1977).

93.J. Yang, L. A. Moudy, and W. L. Simpson, Appl. Phys. Lett.
40, 244 (1982).

10A, K. Saxena, Solid State Electron. 25, 127 (1982).

1IN, Chand, T. Henderson, J. Klem, W. T. Masselink, and P.
Fisher, Phys. Rev. B 30, 4481 (1984).

12E, F. Schubert and K. Ploog, Phys. Rev. B 30, 7021 (1984).

13T, Baba, T. Mizutani, and M. Ogawa, Jpn. J. Appl. Phys. 22,
L627 (1983); T. Baba, M. Ogawa, and T. Mizutani, in
Proceedings of the Second International Conference on
Modulated Semiconductor Structures (Kyoto, 1985) [Surf. Sci.
(to be published)].

14M. O. Watanabe, K. Morizuka, M. Mashita, Y. Ashizawa,
and Y. Zohta, Jpn. J. Appl. Phys. 23, L103 (1984).

150. Kumagai, H. Kawai, Y. Mori, and K. Kaneko, Appl. Phys.
Lett. 45, 1322 (1984).

16N. Iwata, Y. Matsumoto, and T. Baba, Jpn. J. Appl. Phys. 24,
L17 (1985).

17A. Kastalsky and J. C. M. Hwang, Solid. State Commun. 51,

317 (1984).

18M. O. Watanabe and H. Maeda, Jpn. J. Appl. Phys. 23, L734
(1984).

19For the band structure of Al,Ga;_,As, see A. B. Chen and A.
Sher, Phys. Rev. B 23, 5360 (1980).

20The symmetry around the DX center estimated from the mea-
surement on the attenuation of ballistic phonons [Naray-
amamurti et al., Phys. Rev. Lett. 43, 1536 (1979)] is con-
sistent with Lang’s donor-vacancy model (DV 5, model).

21D, E. Ellis and G. S. Painter, Phys. Rev. B 2, 2889 (1970).

22H. Adachi, M. Tsukada, and C. Satoko, J. Phys. Soc. Jpn. 45,
875 (1978); C. Satoko, M. Tsukada, and H. Adachi, ibid. 45,
1333 (1978); M. Tsukada, C. Satoko, and H. Adachi, ibid. 48,
200 (1980).

231t is known that the DV method gives reliable relative eigen-
values with relatively small sampling points. See Refs. 21 and
22, S. Ohnishi and S. Sugano, Jpn. J. Appl. Phys. 21, L309
(1982); and A. Zunger and A. J. Freeman, Phys. Rev. B 15,
4716 (1977).

24This somewhat extended A4, state may be the correspondence
to the shallow state in GaAs in the cluster calculation which
is not suitable to treat the extended shallow state properly.

25P. N. Keating, Phys. Rev. 145, 637 (1966).

26R. M. Martin, Phys. Rev. B 1, 4005 (1970).

27M. Mizuta, M. Tachikawa, H. Kukimoto, and S. Minomura,
Jpn. J. Appl. Phys. 24, 1143 (1985).

28As another candidate for the DX center in Te-doped
Al,Ga,_,As, K. L. I. Kobayashi, Y. Uchida, and H.
Nakashima [Jpn. J. Appl. Phys. (to be published)] have pro-
posed a model, by analyzing experimental data, in which the
dopant is displaced from the lattice site.



FIG. 1. Possible atomic configuration for the origin of the
DX center in Al,Ga,_,As. The second neighbor of Si is the
mixture of Ga and Al atoms. Four As atoms are dislodged
from the lattice sites in the direction shown by the arrows.



