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Analysis of the shallow and deep center occupancies in Si-doped Al,Ga, _, As

using a muitilevel donor model

P. W. M. Blom, P. M. Koenraad, F. A. P. Blom, and J. H. Wolter
Department of Physics, Eindhoven University of Technology, P. O Box 513, 5600 MB Eindhoven,

The Netherlands

{Received 14 July 1988; accepted for publication 6 July 1989)

The concentration of occupied deep centers in Si-doped Al, Gsa, _ , As for x>0.2 has been
calcuiated from a three-level donor model, in which the shallow levels are treated as excited
states of the deep (X)) ground state. The deep level is assumed to be tied to the L valley, and
the shallow levels to the [ and X valleys. The behavior of the free-clectron density and the
thermal activation energy as function of composition is in good agreement with experimental
results reported in the literature. In this modet of dependent donor levels the deep-level
occupancy can be directly caleulated without needing deep-level transient spectroscopy
measurements. A two-level donor model is used to calculate the pressure dependence of the
deep level from a hydrostatic pressure experiment on a GaAs/Al,, Ga,, As heterostructure
reported in the literature. We assume a shallow level tied to the I valley and an arbitrary deep
level which s not coupled to any of the conduction bands. The calculation of the position of
the deep level relative to the I valley as a function of pressure confirms the coupling of the
deep level to the L valley. In this dependent donor model no large compensation is needed to

fit the experimental data.

L INTRODUCTION

The electronic properties of Al ,Ga, ,As are con-
trolled by the coexistence of a hydrogenlike shallow center
and a deep center, the so-called 2.X center. This deep center,
which is dominant for 0.23 < x < 0.6, is also responsible for
the effect of persistent photoconductivity (PPC). The na-
ture cf the deep center is a long-standing problem. Lang,
Logan, and Jaros' proposed a large lattice relaxation (LLR)}
model, wheress Saxena? used a band structure model to ex-
plain the features of the deep center. Hydrostatic pressure
experiments by Tachikawa e /. and Lifshitz, Jayaraman,
and Logan® showed that the deep center can be induced by
pressure. From these experiments it has been proposed that

the deep center is tied to the £ minimum and that the pre-

dominance of either shaliow or deep centers depends on the
relative positions of their energy levels. The total number of
deep and shallow centers has proven to be nearly equal to the
amount of $i doping (Watanabe er «l.%). Therefore, it has
been concluded that both centers are induced by the same
donor. Li er al.%” showed that the photoionization cross sec-
tion and the thermal capture and emission energies are the
same for the pressure-induced deep centers in GaAs as for
the deep centers in Al _Ga, _As. From photoionization
measurements it has recently been suggested by Henning
and Ansems® that the deep level does not show LLR but only
small lattice relaxation (SLR). The same idea has been put
forward by Hialmarson and Drummond.® This has also been
supported by EXAFS experiments by Mizuta and Kitano.'
FIR measurements by Theis ef ¢/.'! proved that all the deep
centers in Al,,Ga,;As act as shallow centers after pho-
toionization. The maximum attainable electron density in
highly doped GaAs should be due to self-compensation. At
high doping concentrations, however, the conduction band
is filled to such an amount that the deep center, which lies
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above the conduction-band edge, becomes populated.'>!
Theis et al.'* also proved that in GaAs a metastable level is
present which can be persistently populated by hot electrons.
This level is believed to be the deep center which becomes
resonant with the I band for x < (.22,

These experiments strongly suggest that the shalow do-
nor states can be regarded as excited states of the deep (DX)
ground states. Assuming such a donor model implies the use
of the statistics of a multilevel donor. Saxena'® already used a
two-level donor model to determine the pressure depend-
ence of the band structure. However, he did not point out the
consequences of the use of a multilevel donor for the occu-
pancies of the different levels. In the present paper we show
that the shallow and deep center occupancies and the free-
electron concentration in Si-doped Al,Ga, _ . Asas function
of the composition can consistently be described on the basis
of a dependent three-leve! donor model, properly taking into
account the distribution function. This model proves to be
also suitzble for analyzing the behavior of an AlGaAs/GaAs
heterostructure under hydrostatic pressure.

i, THE MULTILEVEL DONOR MODEL

In previous calculations,™'®'" the occupancies of the

shallow and deep centers are given by

. Npx §
Apxy = . 3 . Bk s (1)
+ 8px exp [{(Epy FI/KT ]
N
S (2}

n, = ,

T 14g 7 texp [(E, — Ep)/KT
where N5 and N are the concentrations of deep and shal-
low centers, respectively; £,y and E, are their ionization
energies, and g,, and g, are the degeneracy factors. The
shaliow and deep centers are then treated as two indepen-

©® 1989 American Institute of Physics
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dent kinds of donors. Tachikawa ef al.* demonstrated that
the electron occupancy of the deep centers can be calculated
in a three-level (independent) donor model, assuming that
the deep center is coupled to the L minimum with
E, — E, =120 meVY. I, however, a donor is assumed to
have more than one level, the total donor cccupancy cannot
be calculated by assuming independent donors. In a situa-
tion where the deep centers are dominant, an electron excit-
ed from the deep ground state can be trapped at an excited
(shaliow) state in a dependent donor model. Assuming in-
dependent donors, where the dominance of deep centers
means that N, equals the total donor concentration, no
trapping at shallow centers is possible because these shallow
centers are transferred into deep centers. So the use of (1)
and {2) is not correct as was also pointed out by Morgan.'®

In the work presented here we show that the occupancy
of the deep center and the free electron concentration can be
derived by assuming a donor with one ground state and two
excited states. The ionized donor concentration is then given
by (Cohen’?}

Np
N[; - N ]
1+ 2, {g, exp[(E; — E,)/kT 1}

r=I,LX.
(33

Using Eq. {}) the deep center concentration NV, has to be
determined for various compositions by deep-level transient
spectroscopy (DLTS) measurements. In our calculation,
using Bq. (3), deep center occupancies can be calculated
without knowing any experimental data concerning the deep
centers.

Using a multivaliey effective-mass model, Chand ez 2/.%°
calculated the activation energy when there are different en-
ergy levels connected to the T, L, and X bands. Watanabe
and Maeda!” suggested that the variation in activation ener-
gy of the donor as a function of compesition is due o a
variation in the concentration ratio between shallow and
deep centers. In the present paper we show that the variation
in the activation energy is due to different occupancies of the
ground and excited states of the donors. From this model of
dependent donor levels, it is also easily understood why the
deep center activation energy for emission is independent of
the composition x (Watanabe et al.”}, while the activation
energy for capture decreases with increasing x {Mooney,
Caswell, and Wright*'). For x > 0.22 the shallow state be-
comes the excited state of the deep ground state. After pho-
toionization of an occupied deep state, the electron will only
return to this deep state if the thermal energy is large enough
to overcome the potential barrier between the ionized and
bound state.

In cur calculations, we assume a shallow level tied to the
I" minimum, a deep level tied to the L minimum, and a shal-
low level tied to the X minimum. For the constant energy
separation £, — E,, between the £ minimum and the cou-
pled deep center, we use a value of 160 meV. From Hall and
DLTS measurements, values of 120 and 140 meV had been
found by Tachikawa et ¢l and Lifshitz and co-workers,*
respectively. From photoluminescence measurements Hen-
ning and Ansems® found that B, — E,, = 200 meV, and
Calleja, Gomez, and Munoz?? reported 220 meV; so there
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seems to be a large discrepancy between the various values
reported. Comparing these results, one has to keep in mind
that the deep centers start to dominate the conduction for
x> 0.2 because at this composition the deep centers cross the
I" band. The different valces of £, — E,; are partly due to
the differences in the band-structure models used by several
authors. This is shown in Table Ia where for several models
E, — E} at x = 0.2 is given, Taking into account the differ-
ences in the several band-structure models, the discrepancy
in £, — Ep; of about 80 meV reduces to 40 meV in
£ — Ep; . Inour calculations the band-structure model re-
ported by Casey and Parish? is adopted. In this band-struc-
ture model, the activation energy of the deep center at
x = 0.3 is about 60 meV, a value commonly accepted in cal-
culations on  GaAs/Al,,Ga,,As  heterostructures.
Ishikawa er a/** also reported an ionization energy of 60
meV at x = 0.3. For g, and E,, we use the values as given in
Table Ib. The temperature dependence of the band structure
is taken into account by using the Varshni®® equation

E (T) = E (300) + ,(300)*/(504) — o, T*/(T+ 5,),
4

with coefficients @, and 8, given by Aspnes,
ap = 541107 VK],
a; =605X107%*eVK™,
a, =4.60X107%eV K,
Brox=204K.

The electron density in each conduction band, using the Eh-
renberg approximation (Blakemore®’), is given by
NC"

", = , r=T0,L.%X, (5)
{+exp{(E, — Ep)}/kT ]

with
N, =2Q2om*kT /h*)32,

For m#* the values reported by Joyce®® are used. Neglecting
the acceptor concentration, charge neutrality requires

Hp 0y oy =N, (6)

After obtaining E . from Egs. (3}, (5}, and (6) for different
AlAs fractions, the occupancy of each state can be calculat-
ed by (Cohen'?)

EF “_Edr) (7)

ng =Ngg, eXP( T

The magnitude of the doping concentration N, does not
influence the relative occupancy of the donor levels.

[l ANALYSIS OF EXPERIMENTAL DATA
A. Al,LGay__As

Figure I presents the results of our calculations of the
occupancies of the donor levels and the free-electron concen-
tration at room temperature. For the doping concentration a
valueof N, = 1 X 107 m ~ *is used. The deep center concen-
tration (DLTS), the shallow donor concentration (C-V),
and the free-electron concentration (Hall measurements) at
T = 300 K reported by Watanabe ef al.” are also given. The
shape of the calculated free-electron concentration agrees
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TABLE 1. Electronic band parameters for Al Ga,; _, As.

E, —E (x=02) E,—Ep, Er —Ep (x=02)

Ia Band str. model {meV) {(meV) (meV)
Tachikawa ez al® Casey and Panish® 163 120 —43
Lifshitz and co-workers® Casey and Panish® 163 140 —23
Henning and Ansems® Saxena (7= 0)° 200 200 0
Present paper Casey and Panish® 163 160 -3
b T=300K"
E, =E. —6meV® gr=2 Epi{x)y=1424 4+ 1.24Tx, x<0.45(cV)}

= 142 + 1.247x 4+ 1.147(x — 0.45)%, x>045

E, =FE, — 160 meV g, =8 £ (x) = 1708 4+ 0.642x(eV)
E,, = Ey — 40meV? gy =6 E(x) = 1.900 + 0.1235x + 0.143x%(eV)

*M. Tachikawa, M. Mizuta, H. Kukimoto, and 8. Minomura, Jpn. J. Appl. Phys. 24, L821 (1985).
*H. C. Casey and B. Panish, Hererostructure Lasers ( Academic, New York, 1978).

“N. Lifshitz, A. Jayaraman, and R. A. Logan, Phys. Rev. B 28, 670 (1980).
95, C. M. Henning and I. P. M. Ansems, Semicond. Sci. Technol. 2, 1 (1987).

¢}, C. M. Henning, J. P. M. Ansems, and A. G. M. de Nijs, J. Phys. C 87, L915 (1984).

rather well with the experimental data. For low values of x
the free-electron concentration decreases due o an increas-
ing occupancy of the deep center with increasing x. For
x> 0.45 the lowest conduction band changes from | to X,
and the high effective density of states of the X band gives
rise to an increasing free-electron concentration. We find the
minimum in the electron concentration at about x = 0.42.
Ishibashi, Tarucha, and Ckamoto® and Watanabe er al.’
reported experimental values of x = 0.36 and 0.45 for this
minimum. A precise determination of this minimum is diffi-
cult because measurements on different samples have to be
compared. The results obtained at 7= 100 K are plotted in
Fig. 2 together with the DETS data reported by Lang and co-
workers.! As expected, the donor with an occupied deep
ground state is dominant for 8.25 < x < 0.6. Et should be not-
ed, however, that the positions of the DLTS peaks, from
which the occupancy has been determined, lie at different

temperatures for different x. So the measured and calculated
values (at one temperature) are not really comparable. Tak-
ing this into account, the calculated occupancy of the deep
centers is in good agreement with the DLTS data. At
T = 100 K the free-electron concentration is also reduced by
the high occupancies of the shallow centers.

In order to determine the activation energy, the tem-
perature dependence of the free-electron concentration has
been calculated for several values of x in the temperature
range between 100 and 300 K. For temperatures lower than
100 K no thermal equilibrium can be maintained; the elec-
trons cannot be trapped in the deep centers anymore because
of the potential barrier between the bound and ionized state.
When Boltzmann statistics are applicable, the condition of
charge neutrality gives {Blakemore”’)

2
10 c:alc:u!at;ad T=100 K Lang [1]
P —eee —free —c
a2 e e e e e e e e L @ n—deep
P - S . -
197 E catcuated 72300 % Watanabe (8] P | n-geep
e n—free o n—free 2 3 — n—shallow
e 8 y ! - neshallow—X
J P n—deep @ n—deep > s og
z } n--shailow & n—shaliow 9 0P ___ .. B AR AEE - hl SRR
> - n—shallow—X < N L4 R
¢ % - X8 .
e - ® 22 ’ R S
; . ‘&\ e e e G 8 10% ¢ /’ 8\ -
5 P (o] /G,/"~ O ; b /,/
a . . — o i ' N /
Q T~ i’ e N z o , ® A
5 g o4 fe] 108 ¢ A \ g
7N A T E ; \
& =L 2N I / ® \ R
% 10% ¢ 7 “ 8 0% b / \ NP
& L . \ 3 E / \
0 E / N o £ / \ E
o l . \\ B 10" L__.L:k._.,.,,."-L,.A.“V..;.J,,.", N i : ]
. N T 000 010 020 030 040 050 060 070
-1021 {/ SO i ] S S— 4 oo S

Q00 Q.10 0.20 Q.30 040 .50 60 C.70 Alas MOLE FRACTION X

AlAs MOLE FRACTION X
FIG. 2. Occupancy of the donor levels and free-cleciron concentration at

T =100 K as a function of AlAs mole fraction x in comparison with the
DLTS data reported by Lang and co-workers {see Ref. 1).

FIG. 1. Occupancy of the donor levels and the free-electron concentration
at room temperature as a function of AlAs mole fraction x.
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&N, +n)n/(Np — NN, =exp( — Ep/kT). (8)

Because in our calculation zero compensation is assumed,
the thermal activation energy AFE can be defined by the rela-
tion
neexpl{ — AE /2kT).

The calculated results for the activation energy AE are
shown in Fig. 3. This curve agrees very well with the curves
determined from Hall measurements by Ishibashi and co-
workers,?® Ishikawa ef 2/.,** and Chand et al.®

B. Al,Ga,. ,As/GaAs heterostructure under
hvdrostatic pressure

The multilevel donor model is also useful in describing
the properties of 2 GaAs/Al_Ga, ,As heterostructure.
From hydrostatic pressure measurements up to 16 kbar*’ on
a GaAs/Al, , Ga, , As heterostructure, the pressure depend-
ence of the deep center can be determined. An advantage of
pressure measurements is that only one sample is needed to
study the changes in ionization energy of the deep center.
Mercy ef al.* neglected the free-electron concentration in
the L and X bands. At a pressure of about 15 kbar, however,
the conduction-band minimum changes from I to X; s for
this pressure the free-electron concentration in the L and X
bands cannot be neglected. We assume a shallow level tied to
the I' band and an arbitrary deep level with degeneracy fac-
tor g4 . The parameters used are defined in Fig. 4 and Table

200 - - e et e e e
4lshibashi [29]
160 F olshikawa [24] ®

_ ®
& Chand 20] o, 5
—caloulated curve *€/° ®

120 o

O\i‘
4@

ac i

4 4

40 | e

R A

t6 & &
[ X S S Lo el ! L

0.00 0.10 0.20 0.30 0.40 0.50 C.60 Q.70

meV:

AT

Alds MOLE FRACTION X

FIG. 3. Thermal activation energy as a function of AlAs mole fraction.

1. The position of this deep level is now defined relative to
the bottom of the well by an energy £,; so no coupling be-
tween the deep level and one of the conduction bands is as-
sumed. The pressure dependence of the deep level can be
determined by calculating the positions of the deep level
(E; ) and the T valley (.}, both relative to the bottom of
the well, as a function of pressure.

In the AlGaAs side (z> 0) we have the Poisson equa-
tion Vv = gp(z)/€y¢,. The charge density is given by
p(z)y =q|[N 7 (2) — N, — n(z} ], where

i}
N
AVJ (z) = d ’ (93
1+ 2exp{{E. — Ey —v(2) |/kT} + g4y, expi[Ey — Ey — v(2) ]/kT}
N,
n,(z) = < - , r=0LX, (10)
exp{[E, — E. +v(z2) |/kT} + (1/4)
n(z) =3, n.(2).
Integration of the Poisson equation gives
_ (@)2 _2kTN,g* [m ( 2exp[{Ex — Ey)/kT | + 8q exp[ (Ey — Eg)/EkT ]+ 1
dz/ l.-s €4E, 2exp[(Ey — Eg)/ kT | + gy expf (Ep — Ey)/kT | + exp{V/kT) /
N.V / E., —E/ET 174
A ()—5—42,]%7;’.,111'\ exp[( cr 1-)/ }+ / )]’ (11)
kT exp{(E., — E;}/kT | + VVdexp( — Vo/KT)

N, =N,/Np.

Far from the junction, where v(z) = 0, charge neutrality
requires

n(z) + N, =Nj(z). (12)

The electrical field remains constant over the spacer; so Eq.
(11) can be rewritten using

i{lﬂ - qz(nZdeg —+ ndepl>

dzl.=o €yE,

where n4., is the concentration of the depletion charge on
the GaAs side. From the energy-band diagram, we have

2
q (n2(ieg + ndcpl )
€€,

AE, =Ep+ 6+ Vo + d,.  (13)
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The Fermi energy £, can be determined from n,,., by using
the triangular well approach (Stern®}. The energy level K,
is then given by

Eo= (#/2m*)'? [3ae(F)(i + D], (14)

where (F ) is the average electric field felt by the electronsin
the well, defined as

_ e(ndepl '+' O'Snldeg)

€€,

(F)

(15)

If we assume that E,; = 6 meV (the shallow level plays no

Biom et af. 4272



F1G. 4. Band-structure diagram of an Al,Ga, , As-GaAs heterostructure,
for x =0.3, N, = 7.5x 10>, and &, = 60 A.

important role at x = 0.3), we have three equations, (11},
(12), and (13), to determine the three unknown parameters
Ey, V5, and 8. When n,,,, and the compensation ratic are
known, the position of the deep center in the AlGaAs region
can be calculated. Because we do not know to which conduc-
tion band the deep level is coupled, the calculation has to be
done for the three possible values of g (see Table I). By
using the pressure dependence of r,,,, at room temperature,
as measured by Mercy ez @l.,*® we calculated the pressure
dependence of the deep center for several compensation ra-

TABLEIL Parameters of Al,Ga, _, As used in the calculations and calcu-
lated results {or the position and the pressure dependence of the deep center.

Conduction-band discontinuity AE, = 0.65<1.247X0.3 = 243 (meV)

Pressure coefficient of £,,* {meV/kbar)
dE,. /dp 1111
dE,, /dp 2.8

dE, ., /dp — (.8

Calculated results

gu =2
E —E ip=0) AE, —~E;N/dp
N /N, {meV) (meV /kbar)
0.00 95.2 8.8
.10 82.7 8.7
0.20 69.3 &.8
gu=6
4.0 66.8 8.8
0.1 54.3 8.7
0.2 41.4 8.8
By =38
0.0 59.4 8.8
0.1 46.8 R.7
.2 33.6 8.8

8. Adachi, J. Appl. Phys. 58, R1 (1985).
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tios. The results are given in Table IL. Mercy et al*® have
chosen N,/N, =032 and d(E. —Ey)/dp=11
meV /kbar to fit the experimental values. In our calculation
no large compensation is needed to fit the experimental data.
If coupled to the L minimum (g,, = 8), wefindfor N, =0
at zerc pressure that £, — £, = 59.4 meV. In this case the
energy separation between the £ minimum and the deep cen-
ter turns out o be 161.9 meV, which agrees very well with
the value assumed previously in our analysis.

According to Adachi®? the differences between the pres-
sure coefficients of the I" and L bands and the I' and X bands
are 8.3 and 1L.9 meV/kbar, respectively. The calculated
pressure dependence of the deep center, independent of the
choice for g, once more confirms the coupling of the deep
center to the L band.

V. CONCLUSIONS

In conclusion, we showed that the use of a multilevel
deep donor model gives an adeguate description of the gen-
eral features of the deep center occupancy and the free-elec-
tron concentration in butk AlGaAs. Using this model, no
DLTS measurements are needed to determine the deep cen-
ter concentration. Applying this model to 2 GaAs/AlGaAs
heterostructure under hydrostatic pressure, confirms the
idea that the deep center is coupled to the L minimum with a
binding energy of sbout 160 meV.
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