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The interaction of the two-dimensional electron gas at the semiconductor interface of a selectively
doped n-type Al,Ga,_,As/GaAs heterostructure grown by molecular-beam epitaxy with empty im-
purity levels in the Al,Ga;_,As layer is investigated both experimentally and theoretically. The
electron subband energy levels in the triangular potential well of the heterostructure are calculated
by a new method and are in excellent agreement with other approaches. The calculation of the
electron-impurity tunneling process is based on a square-well potential shape to obtain solutions in
an analytic and not in a numerical form. For experimental investigations we used time-resolved
Hall effect and conductivity measurements combined with excitation by monochromatic illumina-
tion of the sample. The decay of the carrier concentration after illumination is monitored for more
than 3 days at temperatures ranging from 20 to 150 K and is conclusively found to be nonexponen-
tial. Extrapolation of the decay to the dark concentration yields a total lifetime of photoconductivi-
ty of more than 10'? s at T<77 K. The optical threshold energies of 0.95<E4,<1.10 eV for per-
sistent photoconductivity coincides with the values for transient photoconductivity. This result
demonstrates that both parts of the photoconductivity are caused by the same deep Si donor in the
Al,Ga,_,As layer. The relative contributions to persistent photoconductivity of electron excitation
from the deep Si donor in the Al,Ga,_,As layer as well as electron-hole generation in the GaAs
layer are determined for a specific alloy composition of Al,Ga,_,As. Electron-hole generation in
the GaAs layer contributes only a minor part to the observed persistent photoconductivity of the
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heterostructure for alloy compositions x 20.3.

I. INTRODUCTION

Modern electronic and photonic semiconductor devices
are continuously scaled down to smaller sizes. The small
dimensions provide new physical phenomena, including
quantum effects of the two-dimensional electron gas'? or
ballistic transport effects.’ In addition, tunneling phe-
nomena are more important in structures of very small di-
mensions. Small-dimension semiconductor structures are
generated by photolithography in the lateral direction and
by epitaxy in direction normal to a semiconductor wafer.
Among the various epitaxial methods, molecular-beam ep-
itaxy (MBE) allows one to grow well-defined structures of
semiconductors, doping profiles, and superlattices, and
the technique has reached the ultimate physical limit of
small dimensions by growing a GaAs/AlAs interface hav-
ing the abruptness of one atomic monolayer.* Therefore,
at present tunneling effects are more likely to occur nor-
mal to the surface than in the lateral direction, because
miniaturization is much more advanced in the growth
direction of epitaxial layers.

The dominant features of selectively doped (SD) n-type
Al,Ga;_,As/GaAs heterostructures realized first with
MBE (Ref. 5) are (i) a quasi-two-dimensional electron gas
confined at the interface of the two semiconductors, (ii) a
very high electron mobility at low temperatures where
ionized impurity scattering dominates in bulk material,
and (iii) sensitivity to light at low temperatures. Photo-
conductivity (PC) of selectively doped heterostructures is
classified in transient photoconductivity [(TPC) (Ref. 6)]
and persistent photoconductivity [(PPC) (Refs. 7 and 8)]
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for the decaying and the remaining part of the photoin-
duced carrier concentration, respectively.

In Figs. 1(a)—1(g) we have illustrated the most impor-
tant tunneling mechanisms in semiconductor structures.’
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FIG. 1. (a)—(c) Intraband and (d)—(f) interband tunneling
mechanisms in semiconductor structures; (a) Fowler-Nordheim
tunneling, (b) semiconductor-insulator-semiconductor tunneling,
(c) resonant tunneling, (d) Franz-Keldysh tunneling, (e) p-n
junction tunneling, and (f) tunneling in doping superlattices. (g)
Electron-impurity tunneling occurs in selectively doped
Al,Ga,_,As/GaAs heterostructures.
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In intraband tunneling the electrons (holes) remain in the
conduction (valence) band before and after tunneling.
This feature is provided by Fowler-Nordheim tunnel-
ing!® [Fig. 1(a)], semiconductor-insulator-semiconductor
(S-1-S) tunneling!! [Fig. 1(b)], and resonant tunneling be-
tween subbands of two quantum wells!? [Fig. 1(c)]. Dur-
ing interband tunneling electrons tunnel from the conduc-
tion band to the valence band or vice versa. This feature
is observed in the Franz-Keldysh effect [Fig. 1(d)], in p-n
junctions of Esaki diodes [Fig. 1(e)], and during radiative
recombination in doping superlattices [Fig. 1(f)].}*> The
electron impurity tunneling of Fig. 1(g) occurs in selec-
tively doped (SD) heterostructures. In this tunneling
mechanism electrons of the two-dimensional electron gas
(2D EGQG) at the semiconductor interface penetrate the bar-
rier provided by Al,Ga,;_,As via tunneling and subse-
quently recombine with an impurity level localized in the
forbidden gap of the barrier material. Consequently, the
2D EG concentration decreases during electron-impurity
tunneling so that a low-temperature transient photocon-
ductivity (TPC) effect is observed in SD heterostructures
after illumination.®

In this paper we investigate in detail the electron im-
purity  tunneling in  selectively doped  n-type
Al,Ga,;_,As/GaAs heterostructures, and we analyze the
experimental data quantitatively. The penetration of the
electron wave function into a square-well potential is ob-
tained as an analytic function using the Wentzel-
Kramers-Brillouin (WKB) method. The recombination
probability is calculated via the overlap integral of the 2D
EG and the impurity wave function. During experiments
the electron excitation is achieved by illuminating the
sample with monochromatic light of wavelengths ranging
from 1700 to 800 nm. The threshold wavelength of both
the persistent and transient photoconductivity is thus ob-
tained and compared. In addition, the contribution of
band-to-band electron-hole generation in the GaAs layer
to- persistent photoconductivity is estimated quantitative-
ly. Finally, the decay of the free-electron concentration is
analyzed for a time period of more than 72 h at low tem-
peratures after the illumination has been switched off.
This analysis clearly reveals the nonexponential decay of
photoexcited carrier concentration with time.

The paper is organized as follows. In Sec. II A the en-
ergy of the lowest subband of a triangular potential well is
calculated by a simple method. The decay of the 2D EG
carrier concentration due to electron-impurity tunneling is
calculated in Sec. IIB. After the description of some im-
portant experimental details in Sec. III we show the dis-
tinct nonexponential decay of the carrier concentration
with time in Sec. IVA. In Sec. IV B the long-term decay
of the carrier concentration is measured and discussed. In
Sec. IVC we determine the optical threshold wavelength
for the persistent and transient part of photoconductivity.
A conclusion is given in Sec. V.

II. THEORY

A. Subband energies in a finite and infinite
triangular potential well
We first show that the energy of the bottom of the
lowest electron subband at the heterostructure interface is

obtained with good accuracy by a simple calculation. In
our approach we match the electron—de Broglie wave-
length to the width of the potential well. The shape of the
potential well at the semiconductor interface of a selec-
tively doped n-type Al,Ga;_,As/GaAs heterostructure is
usually taken to be triangular. Electrons are confined
within the two barriers of the quantum well. At the
Al,Ga_,As side of the quantum well the conduction-
band edge changes abruptly with the spatial coordinate z
due to the conduction-band discontinuity of the two semi-
conductor materials.!* At the GaAs side of the quantum
well the conduction-band edge E. changes continuously
with the spatial coordinate z and is given by the amount
of charge gN3P transferred from the doped n-type
Al,Ga,_,As to the GaAs according to

dEc/dz=q& =q*N3P /e , (1)

where ¢ is the elementary charge and € is the permittivity

of GaAs. The charge gN3P transferred from the doped

n-type Al,Ga;_,As to the GaAs is assumed to be equal
to the charge of the two-dimensional electron gas
gn,p gg- The electron—de Broglie wavelength is now fit-
ted into the triangular potential well, depicted in Fig. 2,
such that the wave function does not penetrate the bar-
riers. The electron—de Broglie wavelength Ayg is given by

Agg=Hh/(2Em*)'/? )
and matches into the quantum well according to
(i + 1)Agp(E;)=z;(E;) for i=0,1,2,..., (3)

where z;(E;) is the spatial width of the well at energy E;
given by Eq. (1). In this way the energies of the subbands
in the potential well are obtained
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FIG. 2. Energies of the bottom of the lowest subband in a tri-
angular potential well at the GaAs/Al,Ga,_,As interface. In
our present work the subband energy is obtained by matching
the electron—de Broglie wavelength to the potential well width.
Other approaches include self-consistent calculations by Ando
(Ref. 16), variational calculations by Stern (Ref. 15), by the Airy
function, and values based on experimental data by Delagebeau-
deuf and Linh (Ref. 18).
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This simple result gives a first general trend of the sub-
band energies depending on familiar parameters and on
the electron concentration of the triangular well. The am-
plitude of the wave function is taken to be zero at the two
barriers, i.e., tunneling effects are neglected. Further-
more, band bending due to free carriers is not taken into
account and the potential well has a strict triangular
shape as illustrated in Fig. 2. Consequently the calcula-
tion presented here is not self-consistent.

Quantitatively the energy of the lowest subband E, ob-
tained by the method proposed here is in good agreement
with the results obtained by other approaches. A compar-
ison of lowest subband energies obtained by several au-
thors is shown in Fig. 2 for an interface carrier concentra-
tion of nyppg=5%10"" ecm™2 Stern' calculated the
lowest subband energy by a variational method which
neglects the penetration of the wave function only at the
Al,Ga;_,As side. Ando'® used a numerical self-
consistent method and obtained a comparatively low sub-
band energy. The Airy function yields the exact solution
of the infinite triangular-well problem. Approximate
values for the lowest subband energy obtained by the Airy
function have been reviewed by Ando et al.!” Delage-
beaudeuf and Linh!® obtained the energy of the lowest
subband by assuming the dependence of Ey=vyn %1/33,3(; and
by adjusting the parameter ¥ for the best agreement with
experimental results. When we consider the scattering of
the various subband energies obtained by different
methods and depicted in Fig. 2, our approach based on
the particle-wave character of the electron is a good
trade-off between accuracy and simplicity of the calcula-
tion.

B. Electron-impurity tunneling

The principle of the electron-impurity tunneling at a
heterointerface is depicted in Fig. 3. Electrons are excited
optically (1) from an impurity level and relax into the
square-shaped potential well. In this situation, however,
the system is in a metastable state, since there are empty
states at lower energy available. Consequently electrons
can recombine (are trapped) by means of a tunneling pro-
cess (2) with the impurity level (3). The recombination of
the electrons with the impurities results in a transient
photoconductivity [(TPC) (Ref. 6)], i.e., a decay of the free
carrier concentration with time. We will calculate the de-
cay of the carrier concentration analytically using the
square-well potential depicted in Fig. 3. Band bending ef-
fects due to ionized impurities and by free electrons are
not taken into account.

At the semiconductor heterointerface a conduction-
band discontinuity AE. of

AEc=aAE, (5)

occurs where AE. is the difference of the conduction-
band energies of the two materials. Dingle!* estimated the
parameter a to be 0.85; however, smaller estimations have
also been proposed.!® In the potential well electrons popu-
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FIG. 3. Principle of electron-impurity tunneling at a semi-
conductor interface. Electrons are lifted by optical excitation
into the conduction band (1) and relax into the potential well.
Then electrons take part in a tunneling (2) assisted recombina-
tion (3) and reach thermal equilibrium.

late quantized energy levels due to size quantization. We
assume that only the lowest subband of energy E, is occu-
pied. The wave function of the 2D EG, W¥;pgg(z),
amounts to Wop gg(0)=¥; at the interface and decays in
the Al,Ga,_,As barrier according to

V,p g6 =Yrexp{ —[2m*(AEc —E,)]' %z /#}
=W exp(—2z/zp) , (6)

where z is the spatial coordinate depicted in Fig. 3, m* is
the effective electron mass, and # is Planck’s constant di-
vided by 2m. The recombination probability of the elec-
tron with the impurity is obtained via the overlap integral
of the electron and the impurity wave function. The life-
time 7(z) of an empty impurity level in the Al,Ga;_,As
therefore increases with its distance from the interface z
due to the exponential decay of the electron wave function
given by

7(z)=T7pexp(z /zq) . (N

The lifetime 7 is the mean lifetime of an empty impurity
level localized exactly at the semiconductor interface.

The time-dependent carrier concentration of the two-
dimensional electron gas, n,p gg(?), and its difference to
the concentration under illumination, An,p gg(2), are

Anyp g6(0)=n3p G —2p BG(1)
-]
=NTPch {1—exp[—t/7(2)]}dz . (8)
Ntpc is the impurity concentration in the Al,Ga;_,As

layer depicted in Fig. 3. The substitution of
u=exp(—z/z) yields

0
Anyp 1~:c;(t)=—ZONTPcf1 [1—exp(—t*u))(1/u)du .
9)

The normalized time ¢* is given by t*=¢/7,. The expan-
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sion of the integrand to a power series (Taylor series),

of ¢ () u
Anyp EG(t)=ZONTPCf1 [—T-F—T

%*13,.2
_.(_t_._)_i‘___'_... du , (10)
3!
followed by integration yields
t* (t*)Z (t*)3 o
Amap e =20Ntec | 7o =5 o1 T3 T :
(11)

The decrease of the carrier concentration in the 2D poten-
tial well due to electron-impurity tunneling is expressed
analytically in Eq. (11) by using a power series. The result
is illustrated in Fig. 4 (bottom curve). There are two more
power series which appear similar to that of Eq. (9). In
particular, the exponential function -

o @*)? ()

* _=———— — e e .
=exp( =)= = T3 (12)
and the logarithmic function
* *42 *\3

1 2 3

are related to the exact solution. In these two power series
only the denominator is changed as compared to Eq. (11).
For long times t* the exponential function saturates,
and the saturated value is equal to one. This means that
electrons recombine only with impurity levels within the
distance zy from the interface. Consequently the 2D car-
rier concentration that relaxes is Nypczo. In contrast, the
logarithmic function of Eq. (13) does not saturate even for
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FIG. 4. Theoretical decay of the carrier concentration during
electron-impurity tunneling. The bottom curve represents the
exact solution obtained by the WKB method. The curve in the
middle given by the logarithmic function (Curie—von
Schweidler law) is a good approximation for the exact solution.
The top curve indicating exponential decay deviates significantly
from the exact solution. Therefore, electron-impurity tunneling
yields a clear nonexponential decay of the electron concentra-
tion.

0

long times . In Fig. 4 the three functions are depicted for
comparison. The figure clearly reveals that the exact
solution according to Eq. (11) decays most strongly. The
logarithmic function is similar to the exact solution. For
very short times, all the three functions shown in Fig. 4
decay in a similar manner. For long times, however, only
the logarithmic and the exact solution are comparable. In
addition the curves of Fig. 4 demonstrate that the decay
of the carrier concentration is clearly nonexponential.
While the exponential function saturates for long times,
the exact solution does not saturate.

An approximate result for the decay of the carrier con-
centration is obtained in the following way. Equation (9)
is differentiated with respect to t*, and furthermore the
normalized time ¢* is assumed to be much larger than 1,
so that one obtains

d * 0 *
FAYIZDEG(t )=ZONTPCf1 —exp(—t u)du

ZZONTpc(l/t*) . (14)

This dependence of the current per unit area on the time
according to j(t)~t™" (0<n<=1) is known as the
Curie—von Schweidler law and has its origin at the begin-
ning of the century.?’ The following integration yields

AnZD Eg(l‘*)zzoNTpc(lnt*—}-C) N (15)

where C is an integration constant. The logarithmic time
dependence is, however, an approximate solution, and is
less accurate to the exact solution of Eq. (11). Recently
the logarithmic time dependence of the carrier concentra-
tion was found independently by Queisser?! and some
GaAs samples seemed to obey this dependence.

The speed of the carrier decay slows down for long

NORMALIZED CARRIER CONCENTRATION
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FIG. 5. Normalized calculated decay of the carrier concen-
tration on a logarithmic time scale. The carrier concentration
decreases linearly on the logarithmic time scale for t* > 1, that is
t 219, where 7¢ is the mean lifetime of an empty impurity level
at the interface.
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times after switching off the exciting illumination. To in-
vestigate the long-term decay the carrier concentration is
conveniently plotted on a logarithmic time scale. In Fig.
5 we show the theoretical solution of the decay caused by
electron-impurity tunneling in a logarithmic time scale.
For normalized times t* <1 (z<7y), the function decays
only negligibly. For normalized times t*>1 (t>7y), the
function decreases linearly on the logarithmic time scale.
This behavior is characteristic to both the exact solution
of Eq. (11) and the logarithmic function of Egs. (13) and
(15) which is included in the plot of Fig. 5. In this range
the logarithmic decay is thus a good approximation to the
exact solution.

III. EXPERIMENTAL

The selectively Si-doped n-type Al Ga;_,As/GaAs
heterostructures were grown in a molecular-beam epitaxy
(MBE) system of the quasihorizontal evaporation type
which comprises a continuously azimutally rotating sub-
strate holder and a liquid-N, cryoshroud encircling the
entire growth region. The heterostructures were deposited
on (100)-oriented semi-insulating GaAs substrates at a
growth temperature of 650°C. Since Al and Ga have very
similar atomic radii of 1.41 and 1.43 A, respectively, the
two semiconductors AlAs and GaAs have comparable lat-
tice constants of 5.6605 and 5.6533 A, respectively.
Therefore no special attention is required to the lattice
match at the interface of the heterostructure. The layer
sequence of the SD heterostructures includes an undoped
1-um-thick GaAs buffer layer with a residual doping con-
centration below 10 cm™3, an undoped Al,Ga,_,As
spacer layer of thickness 10 nm, a Si-doped n-type
Al ,Ga,_,As layer of thickness 50 nm, and an undoped
GaAs cap layer with a thickness of 10—20 nm. Details of
the growth procedure have been described elsewhere.?

The Hall-effect and resistance measurements were per-
formed on mesa-etched Hall bars having six potential
probes and two current contacts. The samples were
mounted in a continuous flow He cryostat and the mea-
surements are controlled by a computer. The time-
dependent carrier concentration and the conductivity were
determined by monitoring the Hall voltage and the volt-
age along the Hall bar, respectively, after the exciting il-

lumination has been switched off. Special care was taken

for a high reproducibility of the measurements. For
monochromatic illumination we used a high-temperature
tungsten iodine lamp with the light passing a grating

monochromator with 675 grooves per 1 mm (Bausch and'

Lomb). Optical filters with cutoff wavelength at 780 and
1000 nm were used in addition to the monochromator.
Furthermore, we employed a 2-mm-thick Si filter, having
a cutoff wavelength of about 1100 nm.

IV. RESULTS AND DISCUSSION

A. Nonexponential decay of carrier concentration

When a selectively doped n-type Al,Ga;_,As/GaAs
heterostructure is cooled down from room temperature in
the dark, the carrier concentration decreases and reaches a
saturated value at a temperature of 100 K. Below this

temperature, the carrier concentration remains constant
down to 4.2 K.2>?* The freeze out of carriers in SD het-
erostructures is not a heterojunction-induced phenomenon
but a bulk property of n-type Al,Ga;_,As. We have re-
cently shown?* that this material exhibits two types of
donors of different thermal ionization energy. Both
donors are related to the Si impurity. One type of donor
is shallow hydrogen-atom-like and follows the effective-
mass theory. The other donor has a rather large thermal
ionization energy of 140+10 meV and does not follow the
effective-mass model. The two types of donors were
therefore labeled the shallow and deep donor of Si-doped
n-type Al,Ga,_,As.>* The deep donor freezes out at low
temperatures and is therefore the origin of the decrease of
the carrier concentration at low temperatures in both
bulk-type n-type Al Ga;_,As and in SD n-type
Al,Ga;_,As/GaAs heterostructures.

When a selectively doped heterostructure is exposed to
light of energy below the band gap of both GaAs and
Al,Ga;_,As at low temperatures the carrier concentra-
tion increases. Electrons are excited from the deep Si
donor in Al,Ga;_,As. After the illumination has been
turned off, the carrier concentration decreases again, but
this decrease slows down strongly after a few minutes.
On a linear time scale the decay of the carrier concentra-
tion is rather fast for short times but then it slows down
and apparently ceases. Therefore, the decaying and the
remaining parts of the photoconductivity (PC) are re-
ferred as the transient part of photoconductivity (TPC)
and the persistent part of photoconductivity (PPC),
respectively. The transient part decays during the first
few minutes after termination of the exciting illumination.
The persistent part is the remaining photoconductivity
which is observed after some minutes on a linear time
scale for a long time. The saturated carrier concentration
is therefore referred to as n3p gg-

The decay of the carrier concentration is expressed in
terms of a time constant 7(¢) which itself depends on time,
ie.,

nZDEG(t)—nfDEc,:AnwEGexp[—-t/T(t)] . (16)

Here An,p gg is the amplitude of the total decay of the
carrier concentration. The time constant 7(f) increases
with time so that the decay slows down. The physical
background of an increasing time constant is that the elec-
trons recombine with impurity levels located further away
from the interface. In Fig. 6 the observed 2D minus the
saturated carrier concentration is plotted on a logarithmic
scale versus time. The plot clearly shows that the speed
of the decay slows down. If the decay would be purely ex--
ponential, the slope of the curve should be constant.
However, the observed slope of the curve changes drasti-
cally, i.e., the decay is definitely nonexponential. Conse-
quently electron-impurity tunneling at a heterointerface is
a phenomenon which yields a nonexponential decay law.
The time constant 7 is defined as the inverse slope of the
curve depicted in Fig. 6:

T_lzd[ln(nZDEc.(t)—nfDEg)]/dt . (17)

The time constant 7y which applies after turning off the
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FIG. 6. Decay of the carrier concentration versus time ob-

served in a selectively doped heterostructure. A nonexponential .

decay of the carrier concentration is evident, because the experi-
mental points are not on a straight line. The time 7, which ap-
plies to the initial decay is determined to be 7=4 s.

exciting illumination is now easily obtained from Fig. 6
and is evaluated to be 7p=4 s. This time constant, howev-
er, is only valid for very small times after terminating the
illumination. We have measured the decay not only for
several minutes but for several days. In Fig. 7 the ob-
served decay of the carrier concentration is shown on a
much longer timescale comprising three days. In a simi-
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FIG. 7. Decay of the carrier concentration versus time of a
selectively doped heterostructure on a longer timescale. Again
the nonexponential decay of the carrier concentration is evident,
because the experimental points do not form a straight line. The
continuous change of the slope of the curve indicates a continu-
ously increasing time constant 7, because the recombination
takes place with impurity levels located further away from the
interface.
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lar manner as in Fig. 6, the time constant increases con-
tinuously throughout the three days. Since the measure-
ment has to be performed at low temperatures, the
measuring time is only limited by the amount of liquid He
available in the container.

B. Decay of carrier concentration on a logarithmic
timescale

In Sec. II we have shown that the decay of the two-
dimensional carrier concentration after terminating the il-
lumination should be very similar to the logarithmic func-
tion of Eqgs. (13) and (15) and that the carrier concentra-
tion should decay linearly on a logarithmic time scale.
We measured the time-dependent carrier concentration for
three days after terminating the illumination, and we per-
formed measurements at four different sample tempera-
tures. The results plotted on a logarithmic timescale are
shown for the different temperatures in Figs. 8—10. At
low temperature (Fig. 8) the carrier concentration de-
creases slowly for small times in this logarithmic time
plot, as predicted by theory (see also the theoretical decay
plotted in Fig. 5). For times between 102 and 10° s the
curve behaves linearly. Now the time ¢ is larger than 7,
so that the concentration is expressed in terms of a simple
logarithmic function [see also Eq. (15)]

AnZD Eg(t):NTPCzo[ln(t/T0)+C] . (18)
Rearrangement and differentiation of the equation yields
An (1)
—1_ d 2D EG (19)
7o dt exp NTpCzo

It is thus possible to evaluate 7, by a second independent
method from the . plot of Fig. 8 if the parameters Nypc
and z, are known. These parameters are estimated to be
2p>~0.7 nm according to Eq. (6) and Nrypc
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FIG. 8. Two-dimensional carrier concentration measured at
T=20 K after the illumination is terminated. The time con-
stant 7, determined from the linear part of the decay is 7o=10s.
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FIG. 9. Two-dimensional carrier concentration measured at
T=75 K after the illumination is terminated. The time con-
stant 79 determined from the linear part of the decay is 7o=1 s.
The extrapolation of the carrier concentration to its dark value
yields a time of more than 10'? s (~3 % 10* years).

~1%10"7 cm™3.% In this way we obtain the time con-
stant of 7p~10 s as indicated in Fig. 8. The time constant
determined from Figs. 6 and 8 should be equal since the
samples and the measuring temperature are the same.
The values are indeed roughly comparable and deviate by
a factor of 2.5.

In Fig. 9 we show the carrier concentration versus loga-
rithmic time measured at a temperature of 75 K after
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FIG. 10. Two-dimensional carrier concentration measured at

T =125 and 150 K after the illumination is terminated. The sa-

turation at T=150 K after 10® s is due to a complete recom-

bination of all photoexcited electrons with their parent impuri-
ties.
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switching off the exciting illumination. The plot reveals
an excellent linear dependence of the carrier concentration
on time from 1 to more than 10° s, i.e., during nearly 6 or-
ders of magnitude. The time constant of the initial decay
7o determined according to the described procedure yields
a value of 7o~1 s. This value is about 10 times shorter
than the time constant at 20 K. However, tunneling phe-
nomena are known to be independent of temperature. The
smaller time constant at higher temperature is therefore
due to a change of the capture cross section of the in-
volved impurity. Zhou et al.?> have shown that the cap-
ture cross section of the deep Si donor in n-type
Al,Ga;_,As indeed increase with temperature.

The dashed-dotted straight line depicted in Fig. 9 is
now extrapolated to the initial carrier concentration in the
dark n35%G~3%10'" cm~2 This extrapolation deter-
mines the time, at which all photoexcited carriers have
recombined with their parent impurities and are again in
thermal equilibrium. As a result we find that the carrier
concentration in the dark is reached after a time longer
than 102 s, i.e., more than 3X10* years at 7<20 K
which represents an extremely long time.

At temperature above 100 K the decay of photoconduc-
tivity is even stronger. In Fig. 10 the carrier concentra-
tion is plotted versus time after illumination for the two
temperatures of 125 and 150 K. At 150 K the carrier
concentration saturates after approximately 10° s and does
not significantly change after this time. At saturation the
selectively doped heterostructure has reached thermal
equilibrium conditions. All photoexcited carriers have
recombined with their parent impurities. The carrier con-
centration of 2.75x 10'! cm ™2 corresponds to the electron
concentration in the dark obtained by the Hall-effect mea-
surement.

Comparison of the electron concentrations reached dur-
ing illumination nlh g and depicted in Figs. 8—10 re-
veals a decrease at high temperatures. This decrease of
carrier concentration is due to the larger recombination
rate of electrons and the impurity at higher temperatures.
The generation rate, however, remains constant since the
illumination is not changed with temperature.

C. Optical threshold of photoconductivity

Photoconductivity in semiconductors may have dif-
ferent physical origins. It is therefore convenient to clas-
sify photoconductivity phenomena by the energy of the
exciting illumination which is necessary to generate car-
riers. This energy is called optical threshold energy. It is
well known that illumination energies smaller than the
band gap of Al,Ga;_,As are sufficient to cause PPC in
this material. During illumination electrons are photoex-
cited from the deep donor into the conduction band. In
selectively doped heterostructures, however, energies
higher than the band gap of GaAs also give rise to PPC,%6
because a band-to-band electron-hole generation and a
subsequent spatial separation of electron-hole pairs
occurs.

We have measured the resistance of a selectively doped
heterostructure at different illumination wavelengths.
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The results are shown in Fig. 11. The monochromator
was tuned during 360 s from A=1700 to A=1000 nm us-
ing several illumination intensities. When the illumina-
tion wavelength is changed from 1300 to 1100 nm, a dras-
tic decrease of the sample resistance occurs which is due
to the photoionization of the deep donors in n-type
Al,Ga;_,As. The exact value of the resistance decrease
depends on the illumination intensity. Within this uncer-
tainty the optical ionization energy is determined to be
E4,=0.95 to 1.10 eV. During measurements band-to-
band excitation of electron-hole pairs in the GaAs layer is
inhibited by using several optical filters with cutoff at
1000 nm. It is important to note that the observed optical
ionization energy is well below the band-gap energy of
both GaAs and Al,Ga,_,As.

We now compare quantitatively the two PPC mecha-
nisms of photoexcitation of the deep donor in the
Al,Ga;_,As layer and electron-hole pair generation in
the GaAs layer with subsequent charge separation. The
heterostructure is illuminated by light of wavelengths
from 1200 to 800 nm. The result of these experiments is
shown in Fig. 12. The wavelength which corresponds to
the GaAs band-gap energy at 4.2 K is indicated in the fig-
ure. The wavelength is tuned during 9 min. At a wave-
length of 1200 nm a strong decrease of the sample resis-
tance is observed which saturates after some minutes.
However, only a small change of the resistance is observed
when the illumination energy corresponds to the band-gap
energy of GaAs. The contribution from the GaAs layer
to the photoconductivity of the heterostructure is thus rel-
atively small as compared to the deep Si-donor ionization
in the Al,Ga;_,As layer for the specific sample of Fig.
12.
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FIG. 11. Optical threshold wavelength of the deep-Si-donor
ionization in the constituent Al,Ga,_,As layer of the hetero-
structure. The optical threshold energy depends weakly on the
illumination intensity and is measured to be E4,=0.95—1.10
ev. :
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FIG. 12. Resistance of a selectively doped heterostructure
versus illumination wavelength. The contribution to persistent
photoconductivity of both the deep Si donor in Al,Ga;_,As and
the band-to-band electron-hole generation in the GaAs are
separated via the exciting illumination wavelength. The contri-
bution of the latter process is comparatively small.

The relative contributions of the deep Si donor in the
Al,Ga;_,As layer and the band-to-band excitation in the
GaAs layer rely on the concentration of the deep Si donor
in the Al,Ga,_,As. This latter concentration, however,
depends strongly on the alloy composition x.?* Conse-
quently, also, the relative contributions of the two photo-
conductive mechanisms depends on the alloy composition
of the doped Al,Ga;_,As. The alloy composition of the
Al,Ga;_,As layer of the sample used in our measure-
ment is x~38%.

We have also prepared selectively p-type doped
Al,Ga,_,As/GaAs heterostructures with the same alloy
composition which exhibit very high hole mobilities espe-
cially at low temperatures. In p-type heterostructures no
photoconductivity related to impurities is known, so that
only a band-to-band electron-hole generation and a subse-
quent charge separation could cause PC. Photogenerated
holes increase the concentration of the two-dimensional
hole gas, and electrons drift to the substrate where they
are trapped by deep acceptors (e.g., Cr or defect centers)
in the semi-insulating substrate. Our experimental results
of Hall-effect measurements on SD p-type heterostruc-
tures show that at 77 K the carrier concentration in-
creases by less than 10% due to illumination. Stormer
et al.?’ have detected no persistent photoconductivity at
all in p-type SD heterostructures. These results confirm
that band-to-band electron-hole generation and the follow-
ing separation of the charge carriers plays only a minor
role for persistent photoconductivity in SD heterostruc-
tures.

In addition to the optical threshold of the persistent
photoconductivity we have also examined the optical
threshold of the transient photoconductivity. The change
of the resistance during the first 5 min as a function of
the illumination wavelength is displayed in Fig. 13. The
onset of the transient part of photoconductivity occurs at
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FIG. 13. Optical threshold wavelength of the transient pho-
toconductivity (TPC) in a selectively doped heterostructure. The
change of the resistance is determined from the sample resis-
tance during illumination and 5 min after termination of the il-
lumination.

about A=1200 nm. This threshold wavelength is the
same as the deep donor ionization wavelength shown in
Fig. 11. Therefore, both the transient and the persistent
part of photoconductivity in heterostructures are caused
by the deep Si donor of the Al,Ga,_,As layer. Transient
photoconductivity is caused by deep Si donors localized in
the Al,Ga;_,As close to the 2D EG. Electrons can easi-
ly tunnel to the impurities and recombine. Persistent pho-
toconductivity is consequently predominantly caused by
deep donors localized in the Al ,Ga;_,As layer further
away from the 2D EG. The larger distance reduces the
tunneling probability significantly.

Transient photoconductivity is found to occur only in
SD heterostructures at 4.2 K, but it is much less pro-
nounced in bulk n-type Al,Ga;_,As. We interpret this
difference in terms of the kinetic energy of electrons at 4.2
K. Electrons in the conduction band of bulk material
have the kinetic energy k7. In contrast, electrons which
occupy the subband of a triangular potential well with the
subband energy E, have a kinetic energy E, due to the
motion of electrons perpendicular to the potential well.
At 4.2 K E, is about 200 times larger than the thermal
energy +kT. Consequently the high-energy electrons in
the subband of a quantum well are more likely to recom-
bine after tunneling with the deep donor than the low-
energy electrons of bulk Al,Ga;_,As.

V. CONCLUSION

We have in detail investigated and analyzed the
electron-impurity tunneling occurring in selectivity doped

n-type Al,Ga;_,As/GaAs heterostructures grown by
molecular-beam epitaxy. For a quantitative evaluation
the lowest subband energy of a triangular potential well at
the Al,Ga,_,As interface is calculated by matching the
electron—de Broglie wavelength to the potential well
width. The result compares well with other calculations.
In addition, the time-dependent carrier concentration,
after termination of the exciting illumination, is calculat-
ed analytically in terms of a power series. We show that
the decay of the carrier concentration is comparable to a
logarithmic decay but it is definitely nonexponential. The
nonexponential character of the carrier concentration
versus time curve is experimentally confirmed. The time
constant 7 of the decay is not constant, but increases con-
tinuously with time. The time constant 7, which applies
to the initial decay, i.e., when the illumination is switched
off, is determined at several temperatures by two indepen-
dent methods. We have found that the time constant de-
creases significantly at enhanced temperatures. This de-
crease is due to the increasing capture cross section of the
impurity level with temperature.

The plot of the carrier concentration versus logarithmic
time is extrapolated to the dark carrier concentration to
obtain an estimate of the total photoconductivity lifetime.
The selectively doped heterostructure is expected to reach
thermal equilibrium at T<77 K in 3 10* years after the
illumination is turned off.

We performed wavelength-resolved optical excitation
experiments to separate the two contributions to photo-
conductivity in heterostructures, namely the deep Si-
donor excitation in the Al,Ga;_,As layer as well as the
band-to-band electron-hole generation in the GaAs layer,
and to determine their relative contributions quantitative-
ly. The important result is that the band-to-band
electron-hole generation in the GaAs gives only a small
contribution to the observed photoconductivity. Finally,
the optical threshold wavelength of the transient part of
photoconductivity is measured to be A=1200 nm. This
wavelength coincides with the deep-Si-donor optical ioni-
zation energy in the Al,Ga,_,As layer. This deep Si
donor in n-type Al,Ga;_,As is therefore the origin for
TPC. TPC is observed only in heterostructures owing to
the much higher kinetic energy of electrons of the 2D EG
at 4.2 K compared to the thermal energy of electrons in
bulk material.
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