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Low-temperature magnetic-susceptibility measurements were made during illumination of n-
Al,Ga;-xAs with DX centers to investigate the microscopic origin of persistent photoconductivity. Ex-
periments using a dc SQUID magneto-optic microsusceptometer revealed the change of electronic sus-
ceptibility as a function of illumination time and temperature. The results indicate that the DX center is

a paramagnetic donor with one unpaired electron.

PACS numbers: 71.55.Eq, 61.70.At, 72.20.Jv, 78.50.Ge

There has been a considerable amount of experimental
and theoretical attention directed towards the under-
standing of persistent photoconductivity in the n-type
III-V semiconductor Al,Ga;—,As (x>0.23). It has
been well established that illuminating these systems at
temperatures below 7=100 K induces a conductivity
which persists long after the illumination has ended.
Previous investigations! on the metastable properties of
Si, Se, Sn, and Te in Al,Ga;-,As concluded that the
deep state is related to a defect with a large lattice relax-
ation which produces a thermal barrier preventing recap-
ture at low temperatures. An optically induced transi-
tion to the unrelaxed metastable shallow state cannot be
reversed at low temperatures. Early studies! ascribed
this effect to a defect complex (donor “D”” with an un-
known partner “X”’), and later demonstrated the excited
state of the DX center to be a hydrogenic donor. Re-
cently, theoretical efforts®> to explain the metastable
properties of the DX center have suggested a redistribu-
tion of electrons, 2D°— Dt +D ~, where, rather than
all donors being neutral, half the donors have two elec-
trons and become negatively charged whereas the other
half have none and are positively charged. According to
the Pauli exclusion principle, if both electrons are in the
singlet state of the same donor atom they must have op-
posite spins, this model thereby predicting all donors to
be diamagnetic. However, the fundamental mechanism
for transformation of a shallow hydrogenic donor into a
deep relaxed DX state is still controversial® and poorly
understood.

In this Letter we report direct magnetic-susceptibility
measurements of the DX center in doped Al,Ga; —,As as
a function of optical illumination time and temperature.
Although there have been a large number of transport
and deep-level transient spectroscopy studies on these
systems, sensitive magnetic experiments bearing on the
issue of spin dynamics have proven difficult to perform.
A new magneto-optic microsusceptometer comprised of
an integrated dc SQUID and a superconducting pair of
miniature counterwound pickup coils has made such

measurements possible. Contrary to theoretical expecta-
tions, we find that there are paramagnetic centers in n-
Al,Ga; —xAs epilayers and that their concentration is
equal to the number of DX centers.

Three thick-film Al,Ga, —,As samples were fabricated
for these studies, including two direct-gap and a third
indirect-gap layer. A 14.3-um Alg3,Gage9As:Si molec-
ular-beam epitaxy (MBE) film doped with 3x10!7
Si/em3, a 10-um Alp43Gags7As:Te metalorganic
chemical-vapor deposition (MOCVD) epilayer doped
with 3.6x10'® Te/cm3, and a 12-um indirect-gap
Alg 50Gag s0As:Si MBE film doped with 5.4%x10!7 Si/cm?
were grown on semi-insulating GaAs substrates. Hall
measurements on all three samples as a function of tem-
perature yielded the thermal depth of the DX centers as
91.5, 114, and 133 meV, respectively. Persistent photo-
conductivity of the doped samples annealed away at 150,
90, and 100 K, respectively. The thickness of the epi-
layers was determined by scanning electron microscopy
of a cleaved cross section, whereas the doping was mea-
sured by capacitance-voltage experiments. Finally, the
depth of the metastable hydrogenic state in the
Alp 31Gag 69As:Si-doped sample was obtained at low tem-
peratures (where electrons can freeze out only on meta-
stable hydrogenic donors, but not on the ground state of
the DX center**) and found to be 8.4 meV.

The experiment utilizes two separate superconducting
integrated circuits which are interconnected to form a
miniature magneto-optic susceptometer. A microfabri-
cated pickup loop structure consists of two superconduct-
ing square counterwound Pb loops, 25 um on a side, one
of which is in close proximity to the sample. In addition,
a center-tapped Nb field coil which takes a single square
turn around each pickup loop is used to apply an ac mag-
netic field for susceptibility measurements as well as to
apply static dc magnetic fields. This structure is built on
a transparent quartz substrate allowing direct optical ac-
cess to the sample. The gradiometer is connected with
short superconducting lead-tin wire bonds to the ten-turn
spiral input coil of an integrated planar dc SQUID
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operating in a conventional flux-locked-loop circuit with
room-temperature electronics.® Both circuits are mount-
ed on a transparent sapphire carrier and placed on a
brass heat sink surrounded by a superconducting, rf tight
shield of copper-laminated fiberglass tubing with a plat-
ing of lead-tin solder. A small hole perforates both the
heat sink and the shield with the carrier appropriately
positioned to keep the sample directly in line with this
access port. Finally, the entire assembly is placed into a
variable-temperature optical Dewar and cooled to
T~1.5 K. A diode laser producing light below the band
gap of the Al,Ga;—,As layers at £ =1.6 eV is used to il-
luminate the samples. This energy is above the band gap
of GaAs and therefore the light cannot penetrate the
GaAs substrate and interact with defects in the sub-
strate. The total volume of the Alg3;GaggoAs:Si,
Alp 43Gag s7As:Te, and Al s0Gag soAs:Si layers measured
in our magnetic-susceptibility experiment is 9x10 %,
6.3%x10~°, and 7.5%10 "% cm?, respectively; the expect-
ed number of donor atoms contributing to the signal is
therefore 2.7x10° Si, 2.3x10'° Te, and 4.0x 10’ Si.
Figure 1 shows the magnetic susceptibility y(7) of the
two direct-gap thick films as a function of inverse tem-
perature before and after optical excitation. Curie-law
analysis [Eq. (1) below] dictates the measured slope be-
fore illumination to be proportional to the number of
paramagnetic impurities. The concentration of para-
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FIG. 1. Diamagnetic susceptibility of the epilayers vs in-
verse temperature before (squares) and after (circles) il-
lumination in a field of 3.7 G. Illumination was made with 500
uW at E=1.6 eV. The data offset is arbitrary but the same
for the plots before and after illumination. (a) Alp3Gao.eo-
As:(3x10"7 Si). (b) Alo.43Gags7As:(3.6x 108 Te).
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magnetic impurities may then be compared with the
number of DX centers obtained from the capacitance-
voltage measurements. For the Alg3;Gag 69As:Si sample
the slope of 1.67%10 "> emuK/G corresponds to 2.7
% 10° paramagnetic impurities, equal to the number of
DX centers in the measured part of the epilayer. For the
Alg43Gags7As:Te sample the slope of 1.21x107'°
emuK/G corresponds to 1.94x10'° paramagnetic impur-
ities, in very good agreement with the expected value of
2.3%10'%. The slope drastically decreases after illumina-
tion (Fig. 1), since most DX centers are then converted
to shallow hydrogenic donors with strongly overlapping
donor-electron wave functions. The magnetic suscepti-
bility of the resulting metallic state is expected to be
temperature independent.” The magnetic susceptibility
of these two epilayers was also measured as a function of
illumination time at 7=2.85 K and shown in Fig. 2.
After an initial increase, the susceptibility saturates after
~200 sec for the Si-doped layer and ~100 sec for the
Te-doped layer. The increase in magnetic susceptibility
is persistent, and does not change when the illumination
stops. However, the increase in magnetic susceptibility
begins only after a certain time delay of approximately 8
and 15 sec for the cases of Si- and Te-doped epilayers,
respectively. To demonstrate that these signals arise
solely from the epilayer and not the GaAs substrate, the
samples were flipped upside down in the susceptometer
and the experiment repeated. No magnetic signal was
observed.

Let us consider the temperature-dependent magnetic
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FIG. 2. Diamagnetic susceptibility of the epilayers vs il-
lumination time at 77=2.85 K in a magnetic field of 3.7 G.
Parts (a) and (b) are as in Fig. 1.
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susceptibility of the n-Al,Ga;-.As epilayer both in the
dark and after illumination given either a paramagnetic
or a diamagnetic ground state of the DX center. In the
case of a paramagnetic ground state, the magnetic sus-
ceptibility of the Al,Ga,—,As epilayer in the dark (at a
temperature low enough for carrier freeze-out) with con-
centration of DX centers, Npy, is given by

x(T) = — x1+Npxup/ksT, 1)

where yx; is the temperature-independent diamagnetic
susceptibility of the host lattice and the second term is
the paramagnetic Curie susceptibility of deep donors (as-
suming noninteracting spins and g==2). However, in the
case of diamagnetic DX centers the susceptibility should
be temperature independent. It is clear from the data in
Fig. 1 that there are paramagnetic centers in the
Al,Ga,; —xAs epilayer and their concentration is equal to
the concentration of the DX centers.

Paramagnetism of deep donors is well described by the
Curie law (dashed line in Fig. 3), and the effect of il-
lumination is to persistently convert the DX centers into
hydrogenic donors® which are paramagnetic. However,
the paramagnetism of hydrogenic donors obeys the Curie
law only when the overlap between donor-atom-electron
wave functions is negligible® (Fig. 3, region 4). As the
carrier concentration increases and the overlap between
the donor wave functions increases, paramagnetism be-
comes smaller than predicted by the Curie law and is
qualitatively described by the paramagnetism of donors

C

FIG. 3. Schematic representation for the paramagnetic sus-
ceptibility of deep paramagnetic donors with one electron
(dashed line) and shallow paramagnetic donors (solid line) vs
donor concentration [compare with data on P in Si (Refs.
10-13]. Dotted line represents a two electron ground-state
model with S =1.

associated in pairs of interacting atoms® (Fig. 3, region
B). In the metallic conduction region (if the Fermi tem-
perature is much greater than the measurement temper-
ature), with even greater overlap between the hydrogenic
donor wave functions, donor electrons become diamag-
netic conduction electrons with a temperature-
independent Landau-Peierls-Pauli (LPP) diamagnetic
susceptibility” (Fig. 3, region C),

xpp=u3N(er)(1 —1/3m*?) , )

where N(er) is density of states on the quasi-Fermi level
and m* is the ratio of effective mass of the electron in
the conduction band to the free-electron mass.

If the DX center is a paramagnetic donor with one un-
paired electron, the increase in the diamagnetic suscepti-
bility x(7) of the n-Al,Ga;—_,As film upon illumination
can be schematically represented by the difference be-
tween the dashed and solid curves in Fig. 3. In the case
of a diamagnetic, two-electron ground state of the DX
center, the change of x(7) upon illumination should be
described by the solid line alone, with a minus sign.
However, the observed behavior (Fig. 2) is clearly con-
sistent with the paramagnetic donor model. The total
change in y(T') seen at the end of the illumination period
will then be a sum of two terms. The first term,
pr;uzg/kBT, accounts for the disappearance of the DX
center paramagnetism, whereas the second term yppp
[Eq. (2)] describes the appearance of LPP diamagnetism
from the conduction electrons produced by the photoion-
ization of the DX centers. The two terms can be separat-
ed from one another by extrapolation of (7)) vs 1/T
dependences in Fig. 1 to the high-temperature limit
where the Curie paramagnetism vanishes. The xrpp
term is then equal to the difference of the y intercepts of
the curves before and after illumination, the values ob-
tained for Alg 31Gag¢9As:Si- and Alo.43Gao,57As:Te-doped
samples being 2.0x107 1 and 6.0x10 "% emu/G, re-
spectively.

Finally, if the ground state of a DX center were orbit-
ally degenerate, one might consider the alternative of a
two-electron ground state with parallel spins (S =1). In
this case the DX center paramagnetism may be given by

2(T) =+ Npxgu3S(S+1)/3ksT
= % Npxu3/ksT 3)

and shown as a dotted line in Fig. 3. This assumes that
only half the donors have two electrons and that the g
factor for an electron on a deep donor is ==2. The
change of x(7) upon illumination should then be de-
scribed by the difference between the dotted and solid
lines in Fig. 3, and seen immediately at ¢ =0. Both mag-
netic susceptibility and EPR studies were made on a
third sample of Alps0Gag.soAs:Si to distinguish between
the possibilities of S=+ and 1. Unlike the first two
samples, the metastable hydrogenic state of the DX
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center in this indirect-gap material is a relatively deep
X-like state with a large effective mass.!* The effect of
illumination is to convert one kind of deep paramagnetic
donor into another kind of paramagnetic donor® deep
enough to be localized. Magnetic experiments were un-
able to detect any change in the susceptibility upon il-
lumination for over 5 min, indicating that the spin of the
DX center ground state is identical to the S =% spin of
the metastable hydrogenic state. To confirm that il-
lumination indeed converts the DX center into the X-like
metastable hydrogenic donor, electron-paramagnetic-
resonance studies were performed. An EPR signal with
g=193 and a magnitude corresponding to 4.5x10'7
spins/cm? at saturation appeared after illumination'5-!7
and could be quenched by heating to =100 K. In agree-
ment with previous studies,”'>!” no EPR signal of the
lattice relaxed ground state could be detected.

In conclusion, we have performed direct magnetic-
susceptibility experiments on a variety of doped
Al,Ga, - ,As epitaxial layers with DX centers to investi-
gate the microscopic origin of persistent photoconductivi-
ty. The measurements showed changes in the electronic
susceptibility as a function of time and temperature
demonstrating that the DX center is a paramagnetic
donor. In contrast to theoretical expectations, the results
are consistent with the donors having a single unpaired
electron and S = % . The absence of an EPR signal from
the paramagnetic donor remains to be explained.
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