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Pressure-induced Hall-effect spectroscopy of silicon DX states
in planar doped GaAs-A1As superlattices
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To determine the energetical separation between the silicon DX states in Al„Gal „As compounds, we

used planar doped GaAs-A1As superlattices and we tuned the conduction miniband energy by applying
hydrostatic pressure. When pressure is applied, the miniband energy crosses over the deep levels while

shallow levels are linked to the miniband. Hall measurements performed on selectively doped superlat-
tices allow us to derive the ionization energies of the silicon donor in the framework of the DX-donor
model with negative correlation energy. We found four deep states energetically separated one from the
other by about 40 meV.

I. INTRODUCTION

Silicon is a dopant impurity which gives both shallow
and deep levels in GaAs, A1As, and Al Ga, „As. Shal-
low levels are described in terms of the effective-mass
theory whereas deep states are related to relaxed donors
according to the atomic environment of the silicon site.
The deep donor levels (so-called DX states) have been ob-
served in many III-V semiconductors. ' In
Al Ga, As, for example, they control the electrical
conductivity of the material when x &0.22 and are re-
sponsible for peculiar properties such as persistent photo-
conductivity, large photoionization energy, and large
pressure-induced carrier freeze-out. Therefore they have
been extensively studied in the last ten years. Despite the
fact that the microscopic structure of the deep donor
remains controversial, the description of the metastable
DX center in terms of relaxation of the crystal lattice and
negative charge of the ground state DX is widely admit-
ted. These characteristics are supported by a lot of elec-
trical and optical measurements such as Hall, photo-Hall,
capacitance, and transient spectroscopy experiments. "

In addition, hydrostatic pressure which modifies the
conduction-band structure in a way similar to increasing
the alloy composition (i.e., the Al fraction) has been used
to study the relationship of the deep level to the band
structure. In particular, the discrete structure of the DX
center has been demonstrated in many experiments, '

and in Al Ga& As doped with silicon four levels have
been assigned to the Al environment of the silicon atom.
They have been denoted as DX;, where the index takes
the values 0, 1, 2, and 3 corresponding, respectively, to
the number of Al near-neighbor atoms. However, the
effects of the DX center splitting on the properties of
complex heterostructures, including superlattices and
quantum wells have not yet been extensively investigat-
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The aim of this paper is to study the behavior of the

silicon impurity in GaAs-A1As short-period superlattices.
The main advantage in using superlattices instead of a
semiconducting alloy lies in the fact that first, Ga and Al
atoms are separated spatially while alloying effect stays
only at the interfaces, second the conduction band can be
tuned by varying the period of the superlattice. ' Conse-
quently, the study of the DX, states is easier since doping
the superlattice selectively in the GaAs or A1As layers, or
at the interfaces, allows us to isolate each DX state,
which is impossible to achieve in the alloy. Moreover,
the possibility to tune the superlattice conduction mini-
band energy allows us to fix it below (above) the DX;
state, making it a resonant (nonresonant) state. These
two approaches to DX center characterization in short-
period superlattices need to be combined in order to iso-
late each DX level, but the ideal structure is controlled by
a technological limitation, i.e., the dopant interdif-
fusion. ' This is the reason we used planar-doped (so
called 5-doped) short-period superlattices in this work.

By applying hydrostatic pressures up to 12 kbar, we in-
duced a positive shift of the conduction miniband energy.
Consequently, the miniband edge crossed over the reso-
nant DX, state making it a nonresonant state in the gap
of the superlattice. When several DX states are present in
the superlattice, this method allows us to achieve an ener-
getical spectroscopy of the levels, and the ionization ener-

gy is derived from the analysis of the Hall data under
pressure.

The paper is organized as follows. Results of Hall and
photo-Hall measurements performed on uniformly and
5-doped superlattices are given, focusing on the activa-
tion energy of the silicon donor and persistent photocon-
ductivity effects. Then Hall measurements performed un-
der hydrostatic pressure are reported, and the method for
achieving a spectroscopy of the donor levels is described.
Finally, the formalization in fitting experimental data is
given and applied on samples to calculate the ionization
energy E~x of the silicon deep donor.
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TABLE I. Hall and photo-Hall data at room temperature (RT) and at 77 K (LN). The activation en-

ergy E„, corresponds to the activation energy of the carrier concentration at high temperatures. Ns;
denotes the nominal sheet silicon concentration introduced during the planar doping step (3.3 X 10
m ) and averaged on the whole sample thickness in order to be compared to electrical data. Samples
8-doped at the interface differed by the silicon incorporation sequence, i.e., the doping plane was depos-
ited on the GaAs layer in samples HC07 and on the AlAs layer in sample HC03, respectively Xp,
denotes the Hall carrier concentration measured at 77 K under LED illumination.

Sample
Doped in

&st
N (RT)
~ (RT)
N (LN)

X, (LN)

pp, (LN)

Units

10 m
10 m
cm /Vs
10 m
cm /Vs
10 m
cm /Vs
meV

HB11
8-GaAs

9
7.3

1885
5.6

2260
7.3

2314
5

HC01
8-A1As

9
6

1800
1

1780
7.2

2400
45

HB01
Uniform

6
4.2

2100
2.5

2230
4.5

2320
11

HC03
8-Interface

9
4.8

1656
2.5

1942
5.3

2167
14

HC07
8-Interface

9
5.8

1295
1.7

1460
6.4

1753
27

II. MATERIALS AND METHODS

The samples were grown by molecular-beam epitaxy at
550'C. They were formed from 135 periods of GaAs-
AlAs deposited on a 500-nm-thick layer of A1Q 33GaQ 67As
and separated from the substrate by an undoped GaAs
buffer layer. A 10-nm-thick layer of
GaAs was deposited as cappiny layer. The nominal
period of the superlattice was 37 A and the equivalent Al
content was x =0.23 (i.e., GaAs well width WG =28.5 A
and AlAs barrier width W~ =8.5 A respectively). The
growth was halted during the silicon introduction (planar
doping technique). The nominal silicon sheet density was
3.3X10' cm per plane, yielding a maximum of silicon
concentration of 9 X 10' cm averaged on the whole su-
perlattice thickness. Sample HB01 was doped uniformly
at 6X10' crn both in GaAs and A1As layers for com-
parison. Samples 8-doped at the interface differed by the
silicon incorporation sequence, i.e., the doping plane was
deposited on the GaAs layer in samples HC07 and on the
A1As layer in sample HC03 respectively. Table I gives
Hall and photo-Hall data at room temperature and 77 K,

$02 3

respectively. Figures 1 and 2 show the Arrhenius plots of
the Hall-carrier concentration and Hall mobility, respec-
tively. Photo-Hall measurements achieved under light-
emitting diode (LED) illumination show that both carrier
concentration and mobility increased as observed in the
silicon doped Al Ga& As alloy. ' The carrier concen-
tration did not change when the LED was switched off at
77 K, leading to the well-known persistent photoconduc-
tivity effect (PPC). Note that the PCC increase was very
low in samples 8-doped in the GaAs layers. When tem-
perature was raised, the photo-Hall concentration in-
creased whereas the carrier concentration recovered its
value in the dark due to the slow capture of electrons
from the conduction band onto the DX levels. The
photo-Hall carrier concentration shows a maximum cor-
responding to a value close to the total electrical activity
Nd-N, assuming complete ionization of silicon. Indeed,
photoionization under LED exposure would lead to a to-
tal excitation of electrons from all silicon donor levels
into the conduction miniband. When comparing this
value to that of the nominal silicon concentration, the
corresponding compensating concentration N, can be es-
timated ranging between 1 X 10' and 1.8 X 10' cm de-
pending on the sample. The Arrhenius plot Fig. 1 exhib-
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FIG. 1. Arrhenius plot of the Hall-carrier concentration in
samples doped uniformly (HB01) and selectively in GaAs
(HB11) or AlAs (HC01), respectively.

FIG. 2. Hall mobility vs 1000/T for the same samples as in
Fig. 1.
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ited two slopes corresponding to the thermal activation
of the deep donor at high temperatures and of the shal-
low donor at low temperatures. Values of the activation
energy are collected in Table I, and they depended on the
location of the dopant. The activation energy was larger
when the dopant is introduced in the A1As layers than in
the GaAs layers, respectively. An intermediate value was
measured in the uniformly doped sample or when doping
at the interface. This experimental fact indicates clearly
that the measured activation energy is associated with the
DX; levels, DXO being the highest state and DX3 the
lowest state according to the relative energies found pre-
viously in the alloy.

The miniband formation was described in the frame-
work of the Kronig-Penney picture. We calculated that
the conduction miniband was a I -type miniband located
at 175 meV above the I band of the GaAs well. The
shallow donor level which is present in all samples and
thermally activated (a few meV at low temperatures) is
linked with the I miniband. This assumption will be
con6rmed in Sec. III by performing Hall measurements
under hydrostatic pressure. Thus the DX levels are reso-
nant states for E~&) 175 meV and nonresonant states
(i.e., in the gap of the superlattice) for EDX (175 meV.
As demonstrated in a previous paper, ' the outdiffusion
of dopant atoms in the adjacent layers is a limitation in
using selectively doped short-period superlattices. This
interdiffusion is the result of a dopant segregation in the
growing layer during its incorporation. It must be elim-
inated (or strongly reduced) in order to reduce the forma-
tion of additional DX levels at the interface or in adjacent
layers. Indeed the existence of more than one DX levels
at the interface or in adjacent layers complicates the in-
terpretation of Hall data. For instance, we must assume
the existence of two deep donors (DXO and DX3, respec-
tively) in the uniformly doped superlattice.

Thus, to know if another DX level due to the
outdiffusion of the dopant in the adjacent layer through
the GaAs-A1As interface was involved in interpreting
Hall data in our 5-doped samples, we performed thermal-
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FIG. 4. Hall-carrier concentration vs temperature in sample
HC01 8-doped in AlAs at two pressures. The experiment pro-
cedure was the same as in Fig. 3.

ly stimulated capture/emission experiments (Figs. 3 and
4). Indeed it has been demonstrated that this technique
reveals the multilevel structure of the DX center in the al-
loy. '" The method consists of cooling the sample in
darkness below the temperature of metastability of the
DX level. Then the sample is illuminated yielding per-
sistent photoconductivity (PPC), i.e., carriers are pho-
toexcitated from the DX into the conduction miniband.
When the sample is heated with a constant sweep rate,
carriers are captured from the miniband onto the DX lev-
els. As demonstrated previously, ' if several DX; levels
are involved in the thermal capture/emission mecha-
nisms, the curves exhibit several steps. Indeed, at tem-
peratures corresponding to the discrete distribution of
the DX; thermal emission energies, thermal capture is
balanced for a short while by thermal emission of elec-
trons from the DX level having the lowest emission ener-

gy into the conduction miniband. Consequently, this ex-
periment gave an additional proof of the existence of
several levels lying in the gap of the superlattice under
pressure.

Finally, to interpret Hall data properly and to derive
the energy of the DX states, we carried out electrical
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FIG. 3. Hall carrier concentration vs temperature in sample
HB11 8-doped in GaAs at two pressures. The sample was il-
luminated at low temperature during a short time and then
heated at a constant rate (1 K/min).
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FIG. 5. Hall-carrier concentration vs pressure at room tem-
perature in samples doped uniformly (HB01) and selectively in
GaAs (HB11) or AlAs (HC01), respectively.
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FIG. 6. Hall mobility vs pressure at room temperature in the
same samples as in Fig. 5.

FIG. 8. Arrhenius plot of the Hall-carrier concentration in
sample HC01 doped selectively in AlAs at various pressures.

measurements under hydrostatic pressure (Figs. 5 —8).
The pressure was supplied by a gaz compressor Unipress
apparatus (range 0—12 kbar). We also performed
thermally stimulated electron emission experiments (Figs.
9 and 10) using the pressure-induced freeze-out (PIFO)
technique. '

III. HALL AND PHOTO-HALL DATA

As mentioned above, the interpretation of Hall data in
semiconductors with several donor levels needs to be
made carefully since the activation energy measured at
high temperatures corresponds to an equivalent donor
state. The largest ionization energy is measured in sam-
ple HC01 5-doped in A1As layers, con6rming the ex-
istence of the low-lying DX3 level. However, the small
energy (5 meV) measured in sample HB ll 8-doped in
CsaAs layers cannot be assigned to the DXo level since the
energy shift (b,E =40 meV) is too small in comparison
with values found previously in the Al Gal As:Si alloy
and ranging between 60 and 120 meV. The reason is that
depending on the dopant location, the DX level is reso-
nant or in the gap of the superlattice such that the mea-
sured activation energy corresponds to a shallow donor
or a deep donor state. Thus the low value of the activa-
tion energy measured in sample HB 11 corresponds to a
shallow level linked with the miniband minimum. This

(a)
~ll

N u. ~~

interpretation will be confirmed by additional experiment
performed under hydrostatic pressure and described in
Sec. IV. When analyzing data in samples HC03 and
HC07 2-doped at the GaAs-AlAs interface, we find that
sample HC03 shows an activation energy close to that of
the uniformly doped sample (14 meV), whereas sample
HC07 shows a larger energy (27 meV). This experimental
fact denotes the outdifFusion of silicon atoms from the 8
plane in both adjacent layers. However, it is worth not-
ing that since the difFerence between the two measured
activation energies is large, this outdifFusion is rather due
to a silicon segregation efFect during the superlattice
growth. The segregation length lies between 8 (the A1As
width) and 14 A (half the GaAs width). Thus this kind of
electrical experiment gives a better resolution than local
probe techniques such as HRSIMS (high-resolution
secondary-ion-mass spectrometry), HRXD (high-
resolution x-ray di8'raction), and LVM (local vibrational
mode). In order to prove this outdift'usion, we per-
formed thermally stimulated electron-capture experi-
ments in samples 8-doped in GaAs and in samples 8-
doped in A1As. Figures 3 and 4 show that these samples
exhibit a two-step decrease of the Hall-carrier concentra-
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FIG. 7. Arrhenius plot of the Hall-carrier concentration in
sample HB11 doped selectively in GaAs at various pressures.

FIG. 9. Hall-carrier concentration vs temperature in sample
HB11 doped selectively in GaAs. The PIFO procedure was ap-
plied on the sample, i.e., the sample was cooled under pressure
(a) I' =0 kbar, (b) I' =7 kbar, and (c) I' =12 kbar, respectively.
Then the pressure was released at 77 K and the temperature was
increased with a constant heating rate (1 K/min).
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FIG. 10. Hall-carrier concentration vs temperature in sample

HC01 doped selectively in A1As. The experiment was achieved

as in Fig. 9. (a) No applied pressure. (b) Sample cooled at 4
kbar.

tion under pressure, denoting the presence of an addition-
al DX level in these samples. '

IV. HALL-EFFECT SPECTROSCOPY
QF SILICON LEVELS UNDER HYDROSTATIC

PRESSURE

In the following, we will use hydrostatic pressure to
distinguish between hydrogeniclike shallow levels and
deep localized DX; states. Indeed it is well known that
hydr ogeniclike states are linked with their parent
conduction-band minima while a strong shift of the local-
ized levels is observed under pressure. ' The metastable
impurity (i.e., silicon DX center) leads to both deep and
shallow levels coexisting in our superlattices. The shal-
low state is linked at few meV below the I miniband
minimum, whereas the EDX energy is assumed to be in-

I

sensitive to the applied pressure.
By applying the pressure at room temperature, both

Hall-carrier concentration and mobility decrease, as
shown in Figs. 5 and 6, since the I miniband raises up by
10.8 meV/kbar and crosses at a pressure around 12 kbar
over the X miniband moving down by 0.8 meV/kbar.
Consequently, the DX states which are resonant states at
zero pressure are empty at room temperature, and this
decrease is interpreted as a mixed conduction (transition
from a I conduction with high mobility to a X conduc-
tion with low mobility). In contrast, when a DX; level be-
comes nonresonant by crossing down to the I miniband
under pressure, a strong capture of electrons on the DX
level arises leading to carrier freeze-out when pressure is
released at low temperature (below the temperature of
metastabilty of the deep level). In addition, the activa-
tion energy of the carrier concentration at high tempera-
tures increased strongly when the deep state become
lower than the shallow level at high pressures. Figures 7
and 8 show the Arrhenius plots at various pressures in
samples HB11 and HC01, respectively. The existence of
both shallow and DXo states in GaAs is clearly demon-
strated in sample HB11. Indeed, the activation energy
did not change at pressures lower than 10 kbar, denoting

Nd Nd+++~d+NDgo+ND~- ~ (2)

where N„+ is the total concentration of positively

charged donors arising from the ionization of deep DX
silicon states (double donors in density X with a nega-

tive correlation energy U) as well as shallow silicon states
(single donors in density N, d with a positive correlation
energy U). Xd is the total donor concentration which
cannot exceed the nominal silicon concentration assum-
ing that each silicon atom acts as a donor atom. The
concentration N o of the neutral state can be neglected

in (1) because of the bistable character of the impurity:

2DX ~d++DX
Assuming the U &0 character of the DX ground state,
the total carrier concentration is given according to
Theis, Mooney, and Parker

n=Nd

1+exp

(Ef E)—
1 —exp 2

kT
(E —E )

+exp 2
kT

the existence of a shallow level linked with the miniband
minimum. On the contrary, the activation energy in-
creased at higher pressure, indicating the capture of elec-
trons from the conduction miniband onto the deep DX
level. The presence of more than one DX deep level is
evidenced in samples HC01 and HB01, which behaved
similarly. Indeed, since the DXo state is the highest state
and is involved only at pressures above 10 kbar in our su-

perlattices, the behavior of both samples HB01 uniformly
doped and HC01 5-doped in AlAs at pressures lower
than 10 kbar can be interpreted only by assuming the ex-
istence of two DX; levels (a DX3 state in AlAs and an in

terface level}. This result indicates that outdiffusion oc-
curred in the sample 5-doped in AlAs because of its small
thickness (8 A}. We also performed electron thermal
emission, carriers being freezed out on the DX center
after cooling the sample under pressure. The carrier con-
centration remained unchanged after releasing the pres-
sure (PIFO technique' ) and the sample was then heated
with a constant heating rate (typically 1 K/min}. The
electron thermal emission depended on the involved deep
DX level (Figs. 9 and 10}. This experiment is an addition-
al proof of the existence of a second DX donor level evi-
denced by the PIFO technique.

In order to make a quantitative analysis of Hall data
given above and to derive the ionization energy of the
different shallow and deep DX states, we have to develop
the formalization of the Hall effect in superlattices with
several states having positive and/or negative correlation
energy. ' It is assumed that both shallow and deep levels
are related to the metastable silicon impurity in CraAs
and A1As. Thus the conservation of species and charges
lead to Eqs. (1) and (2},respectively:

n =Nd+ —
ND~

—N, ,
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where E,d and E are the ionization energies of the
shallow and deep states, respectively, N, denoting the
concentration of the compensating acceptor state. Equa-
tion (4) is the result of the application of the Fermi statis-
tics on both single and double donor species of the mul-
ticharged DX state. The Hall-carrier concentration is
fitted using a one-band model which takes into account
the actual density of states in a superlattice with a I con-
duction miniband (see Ref. 17 for details). It is worth
mentioning that the contribution of a X miniband con-
duction must be taken into account (mixed conduction
formalism) when high pressure is applied on the samples,
the I -X crossover occurring at P =12 kbar in our super-
lattices.

The 6t of the Arrhenius plot is made taking into ac-
count the dependance of the I. and X minima with tem-
perature (in K} and pressure (in kbar) as given in the
literature:

Er ( T,P) = 1.519—[5.40 X 10 T /( T +204) ]
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(7)

FIG. 11. Energetical diagram of the superlattice at two pres-
sures: P =0 kbar (a) and P =9 kbar (b). Shallow donors linked
to the miniband and spatially separated DX deep donors are re-
ported.

E~(T,P)=2.229 —[4.60X10 T /(T+204)]
—0.0008P . (8)

Equations (5) and (6) and (7) and (8) are applied to gap en-
ergies (in eV) in GaAs and A1As, respectively, while the
entropy factor is introduced in the energy of the I shal-
low states (S,d =0.54 meV/K) and deep states
(SDX =0.35 meV/K). ' Thus the energy was expressed as

E =H —TS, (9)

where H and S denote the enthalpy and the entropy of
the level, respectively. The 6t of the carrier concentra-
tion at various pressures needs to account for the ex-
istence of two DX donors (DXO and DX~, respectively, in
samples HB11 5-doped in GaAs, DX3 and DX2, respec-
tively, in samples HC01 5-doped in A1As). Note that a
previously developed interdict'usion model' applied on
sample HC01 gives an outdid'usion of the silicon atoms
from AlAs around 40%. A shallow donor linked with
the I miniband (5 meV) is taken into account in all the

350

300"

250
E {X}

X

4

XO

samples. The DX relative energies are derived numerical-
ly and collected in Table II with those given recently in
the literature for the silicon donor in
Al Ga& As:Si. ' ' Figure 11 shows the energetical
diagram of the DX center in our superlattices at two pres-
sures. The reference in energy is the I -band energy in
GaAs wells. We found the values 270, 230, 190, and 140
meV for the DX; ground-state enthalpies (i =0, 1, 2, and
3, respectively). The spectroscopy of the DX levels is
made by increasing pressure in order to move the I mini-
band up to the I -X crossover. Figure 12 shows the
dependence of the miniband minima, associated shallow
levels, and DX energies, respectively, as calculated as a
function of pressure using Eqs. (5)—(8).

TABLE II. Difference in the energies of the deep silicon
donors. The reference of the energy is taken to be the energy of
the DXo state.

Energy This
(meV) Ref. 12 Ref. 14 Ref. 24 Ref. 25 Ref. 26 work
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FIG. 12. Energy of I and X minibands and associated
shallow-donor levels as a function of hydrostatic pressure at
room temperature. The reference in energy is the I band in
GaAs. Only the energies of the two extreme levels DXo and
DX3 are reported.



16 784 P. SELLITTO, J. SICART, J. L. ROBERT, AND R. PLANEL 51

V. DISCUSSION AND CONCLUSION

When considering values in Table II, we find that, de-
pending on the experiment [Hall effect and
capture/emission kinetics in three-dimensional (3D) lay-
ers or 2D heterostructures] and method of energy extrac-
tion, the spreading of the ionization energies is large.
Note that values are extrapolated at x =0 for alloys with
0. 15 &x &0.33 such that the contribution of DX3 is
small. In contrast, the spatial separation of Al and Ga
atoms in superlattices leads to a more accurate energy
determination between DXo and DX3 states. The best fit
of electron-capture kinetics is obtained in the alloy taking
into account the full 35X4 statistics and the spatial
correlation of charges. " Indeed, Eq. (3) indicates that be-
cause of the bistable character of the DX center (shallow
or deep donor), a gain in energy is obtained due to the
coexistence of the ionized donor d+ and negatively
charged state DX (like dipoles d+ DX ). -Our model
did not account for charge correlation effects but the en-
ergetical positive shift did not exceed 10—20 meV. ' '

Consequently our results confirm the energy splitting of
the DX center from AlAs to GaAs by an amount of 130
meV.

Note that in a preceding paper' we found the energy
splitting to be larger than 60 meV. This value was un-
derestimated because the samples were not planar doped
such that the silicon segregation in the adjacent layers

was large. Consequently, the DX levels were mixed, and
the interpretation in terms of only two levels (DXo and

DX3 ) was inaccurate since the existence of additional lev-

els (DX, and DX2) and the high energy of the I mini-

band (245 meV instead of 175 meV in the present study)
led to an equivalent DXo state with an underestimated
energy and an equivalent DX3 state with an overestimat-
ed energy in those samples. It is worth noticing that
Baba et al. ' used superlattices with a low Al content
(only 1 ML of A1As embedded in 14 ML of GaAs) such
that the DX3 energy (175 meV) could be also overestimat-
ed.

In conclusion, we used hydrostatic pressure to derive
the ionization energy of the silicon donor in GaAs, A1As,
and in an Al/Ga alloying environment. Hall measure-
ments carried out under pressure or after nonequilibrium
situations (electron capture in the PPC regime or electron
emission after PIFO) showed up to four DX levels. Only
the DX3 state was in the gap of the superlattice at am-
bient pressure. Thus by applying pressure, the miniband
edge crosses over the high-lying levels, and a spectrosco-
py of the DX; levels is performed, the ionization energies
being extracted from the Hall data.

Note that this pressure-induced spectroscopy can be
performed only in short-period superlattices with low
outdiffusion of dopants (i.e., in planar-doped superlat-
tices), having an Al content which allows us to explore a
wide range of energies (i.e., far from the I Xcrossove-r).
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