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A study was made of the behavior of a nonequilibrium electron system under conditions of long- 
lived photoconductivity of hydrostatically compressed (P = 0-12 kbar) Al, Ga, _, As 
( ~ ~ 0 . 2 9 )  crystals doped with Si. Donor Xstates were found to be metastable (like free r states) 
relative to the L : level (DX level). The distribution of photoexcited electrons between the and 
Xstates was in thermodynamic equilibrium. Under pressures in excess of 9 kbar a qualitatively 
different metastable effect was observed: photoexcitation at 4.2 K transferred electrons from a 
deep L T level to a higher X : donor level without appearance of the long-lived photoconductivity, 
but in the range 20-50 K a metastable thermally activated conductivity was observed. 

INTRODUCTION 

The phenomenon of long-lived photoconductivity of 
Al, Gal -,As has been attracting attention for over a dec- 
ade.' It is manifested as follows: when a sample is illuminat- 
ed at low temperatures, its conductivity rises and this higher 
conductivity is retained for a considerable period (amount- 
ing to hours or days). The long-lived photoconductivity has 
been observed in Al, Gal -,As with aluminum concentra- 
tions in the range x,, = 0.20-0.45 in GaAs under pressure 
and in n-GaAs/Al, Gal -,As heterojunctions, sometimes 
seriously degrading their proper tie^.*-^ 

In the first investigations of the long-lived photocon- 
ductivity it has been suggested that a localized state from 
which photoexcitation takes place is a complex structure de- 
fect called a DX center (for example, a donor and vacancy). 
The long electron-trapping times of the DX center are ex- 
plained by assuming that such trapping is accompanied by a 
change in the spatial configuration of the defect.9910 An alter- 
native model is based entirely on the energy band structure. 
It is assumed in this model that photoexcitation takes place 
from a deep donor state associated with a side minimum of 
the conduction band. The long-lived photoconductivity is 
attributed to long tunneling times of electrons in k space. '' 

The published experimental results do not fit either of 
these models. For example, the first model does not explain 
why the number of the DXcenters should be half the number 
of the donor impurities and why it is affected by hydrostatic 
compression which does not alter the structure of defects. 
The second model gives thermal activation energies much 
smaller than those found experimentally and, moreover, dif- 
ficulties are encountered in explaining the long electron tun- 
neling times, Currently the term DXcenter (or DX level) is 
used in the literature to denote a deep localized state from 
which the long-lived photoconductivity is excited irrespec- 
tive of the nature of this center. 

It seems to us that the best model is the one combining 
the ideas of changes in the spatial configuration of a defect as 
a result of capture of an electron with the characteristics of 
the energy band structure of the relevant semiconductor. l2  It 
is assumed that donor impurities in Al, Gal - ,As are simple 
donors. Their special feature is the existence of two stable 
positions of the ionic core. All electron states, both free and 
localized at a donor, correspond to a stable position of the 

ionic core at a lattice site. Moreover, in the case of a donor 
level L : which is not totally symmetric there is a second 
stable position of the ionic core, slightly displaced from a site 
(Jahn-Teller effect), which forms a DX level. If the first 
states are filled with electrons under thermodynamic equi- 
librium conditions, the second state is separated from them 
by an energy barrier. Calculations confirm the possibility of 
existence of such a state when an impurity atom is displaced 
along the ( 1 1 1 ) axis. 13.14 

The long-lived photoconductivity can appear if the fol- 
lowing two conditions are satisfied: 1 ) the impurity concen- 
tration exceeds the Mott value for the 1s states of the r elec- 
trons but it is less than the Mott value for the L : level with a 
shifted position of the ionic core (DX level); 2) the L :level 
is the ground state and the r valley is located between this 
level and all the other electron states. This (or a similar situ- 
ation) is indeed realized in mixed n-type Al,Gal -,As 
semiconductors doped with Si (n,, 2 10'' cmP3) and with 
aluminum concentrations in the rangex = 0.20-0.45, which 
exhibit long-lived photoconductivity below liquid nitrogen 
temperatures (when kT is much less than the height of the 
postulated potential barrier). 

The Morgan theory12 distinguishes sharply the DX lev- 
el from the system of all other electron states separated from 
the former by a potential barrier and therefore metastable. 
Photoexcited electrons should be distributed uniformly 
between the free and localized states. The conductivity is one 
of the manifestations of the metastability associated with the 
F minimum. In principle, the model admits metastable ef- 
fects associated also with other electron levels when the usu- 
al long-lived photoconductivity may be absent. These effects 
can be observed only if the "equilibrium" localized states 
have energies close to the r minimum or below it. In the case 
of Al, Gal -,As with x > 0.40 or with lower values of x this 
is the situation realized under pressure. 

Very few experimental investigations have been made 
of these aspects of long-lived photoconductivity. In the 
range x > 0.45 this photoconductivity practically disappears 
in the case of Al, Gal -,As (Refs. 2 and 4).  The ground 
state in the range x > 0.45 is a shallow donor with a binding 
energy -550 meV (Ref. 15). To the best of our knowledge, 
there have been no investigations of metastable effects (in 
the absence of the long-lived conductivity) in this range of 
x,, . Our investigations of the long-lived photoconductivity 
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FIG. 1. Shifts of the T, L, and Xvalleys and of the donor L :and X: levels 
in Al, ,, Ga, ,, As under pressure P. The expressions describing the energy 
positions E of the valleys are given in the text. The binding energies are 
assumed to be as follows: 50 meV for the X electrons and 50 and 150 meV 
for the L electrons (DX level). Here, E, is the Fermi level of electrons in 
the r valley after illumination. 

in n-GaAs/Al, Gal -,As heterostructures under pressure 
have revealed a reduction in this photoconductivity attribut- 
ed solely to changes in the energy band structure.I6 Clearly, 
this result also fits qualitatively the Morgan model.I2 

We carried out a further study of the nature of the long- 
lived photoconductivity by investigating the influence of the 
energy band structure on the properties of metastable elec- 
trons in Al, Gal -,As. We measured the Hall density of free 
electrons under the long-lived photoconductivity conditions 
applying hydrostatic pressures and varying temperatures 
from 4.2 K to ~ 4 0  K. The pressures made it possible to 
modify the band structure, altering both the relative posi- 
tions of "equilibrium" states as well as the position of the 
DX level relative to these states. The shifts of the levels under 
pressure in Al, Gal -,As ( x  ~ 0 . 2 9 )  are shown schematical- 
ly in Fig. 1. In the range of pressures from 0 to 10 kbar the 
X T level crosses first the Fermi level of the r electrons and 
then the bottom of the r valley. Measurements carried out at 
different temperatures make it possible to study the filling of 
the r and X states with electrons. The present paper reports 
an investigation of the distribution of electrons between free 
and localized (bound) states under the long-lived photocon- 
ductivity conditions. 

EXPERIMENTAL METHOD 

Our measurements were carried out using a sample of n- 
type Al, Gal -,As grown by the molecular beam epitaxy 
method on an insulating GaAs substrate carrying a buffer 
layer. The thickness of the Al, Ga, - , As film was 520 nm. A 
circuit needed for the Hall effect measurements was formed 
on the surface of a sample by lithography. The aluminum 
concentration x = 0.29 + 0.01 was deduced from the low- 
temperature luminescence spectrum. The concentration of 
the dopant (Si donor) was -- 8 X lOI7 ~ m - ~ .  

The sample was placed inside a self-contained low-tem- 
perature chamber where a fixed pressure was established; 
this chamber was filled with an oil-kerosene mixture.17 The 
pressure inside the chamber was deduced from the tempera- 
ture of the superconducting transition in an Sn manometer. 
Illumination was provided by a GaAs light-emitting diode 
placed inside the chamber next to the surface of a sample. 
The energy of the radiation emitted by this diode was always 
less than the band gap of Alo ,, Ga,, ,, As. When temperature 

dependences were determined, the chamber was placed in- 
side a vacuum container within a superconducting solenoid 
and the temperature was deduced using a calibrated thermis- 
tor. 

The Hall emf u, was measured under ac conditions (at 
a frequency of ~ 2 0  Hz) using a selective nanovoltmeter. 
The Hall electron density n was deduced from the linear 
slope of the dependence of uxy on a magnetic field in the 
range H(4 T; small changes in n were found from the devi- 
ation of uxy from the initial values in a constant field of 
H = 3.06 T. These measurements were always repeated for 
opposite directions of H in order to eliminate the contribu- 
tion of the component u,. The working values of the Hall 
resistance Rxy were tens of ohms, whereas the transverse 
magnetoresistance R,, amounted to few or tens of kilo- 
ohms, and measurements could be made right up to R,, - 1 
M a .  We assumed that the conductivity was not observed 
when R,, exceeded 10 M a  (p  -5 50 -cm). 

EXPERIMENTAL RESULTSAND DISCUSSION 

1. At zero (atmospheric) pressure the dark conductiv- 
ity was retained by n-type A1, ,, Ga,,,,, As (n,, -- 8 X 10'' 
cme3) during cooling right down to helium temperatures 
(the Hall density ofelectrons at 4.2 K was ~6 x 1016 cmP3). 
In the case of compressed samples (P = 3.5-1 2 kbar ) the 
dark conductivity disappeared at 4.2 K. 

At pressures up to 9 kbar it was found that illumination 
of a sample ( i l ~ 0 . 8  p m )  at 4.2 K created a conductivity. 
The conductivity increased during illumination, reaching 
finally a steady value. When illumination was interrupted, 
the conductivity first fell slightly (by no more than 2%) and 
then remained constant (to within 1%) for several days. 
Significant relaxation (representing an irreversible reduc- 
tion) of the conductivity was observed at temperatures 
above 60 K. The maximum steady conductivity a* and the 
corresponding density n* at 4.2 K depended on pressure; at a 
fixed pressure they were readily reproducible. 

Figure 2 shows the pressure dependences of the maxi- 
mum steady Hall density of electrons n* and of the corre- 
sponding Fermi energy E $. The value of E, was found from 
the relationship1': 

FIG. 2. Dependences, on the applied pressure P, of the maximum Hall 
density of free electrons after illumination n (a), of the corresponding 
Fermi energy E, ( A ) ,  and of the activation energy of conduction elec- 
trons at high pressures E, ( A ) .  
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where m* is the effective mass of the r electrons; a is the 
nonparabolicity coefficient; E, is the band gap of 
A10.,9Ga,,7, As; the pressure dependences of Eg and m* 
were allowed for. 

[The following data were used in the calculations. The 
energy positions of the T, X, and L valleys in GaAs at 4.2 K 
relative to the maximum of the valence band were assumed 
to be E, = 1.519 eV, EL = 1.815 eV, and Ex = 1.981 eV 
(Ref. 18). The shift of the valleys with x,, was 
AE, (x)  = 1.247x, AE, ( x )  = 0.642x, 
AEx ( x )  = 0 .125~  + 0. 143x2 eV (Ref. 19). The effective 
mass of the T electrons wasI9 

2 
m.=mo / [1+7.51(%+ 

where mo is the mass of a free electron. It was also assumed 
that AE, (P) = 12.6P (Ref. 18). The nonparabolicity coef- 
ficient was assumed to be a = - 0.824 (Ref. IS).] 

It is clear from Fig. 2 that at pressures below 5 kbar the 
maximum electron density did not change greatly, but at 
higher pressures there was a considerable reduction in n*. 
The electron Fermi energy decreased in this range of pres- 
sures linearly at a rate dE  z/dP = (8.7 + 0.5 ) meV/kbar. 

We shall analyze the behavior of E z (P) by considering 
changes in the energy band structure of Alo 29 Ga0.,, As un- 
der pressure (Fig. 1 1. According to the published data, the I? 
and X  valleys converge under pressure at a rate dE, - ,/ 
d P =  12-13 meV/kbar, whereas the T and L valleys con- 
verge at a rate dE, -. /dP = 6 meV/kbar (Refs. 19 and 20). 
Therefore, it is logical to attribute the reduction in E: to the 
capture of electrons by states in the X valley. The lowest of 
these is the donor level X : ,  in resonance with the r valley. 
Since the density of states at the X  : level is much higher than 
in the r valley, it follows that after filling of the r states 
located below the energy of this level the capture of photo- 
electrons occurs mainly at this level. 

The lower value of dE z/dPcompared with dE, - ,/dP 
can be explained by broadening of the donor level due to 
inhomogeneity of the distribution of A1 in the sample. The 
fall of E F from its maximum value to zero occurs in the 
range of pressures from 5 to 9 kbar. At P = 5 kbar the level 
E z is at the lower edge of the broadened donor level, where- 
as at P = 9 kbar it is at the upper edge. Hence, we can esti- 
mate the width of the donor level, which is -1 12-15 meV. It 
should be pointed out that the scatter of A1 concentrations 
(x,, = 0.29 + 0.01 ) deduced from optical measurements 
yields a similar estimate of the width of the level amounting 
to -1 12 meV. 

The data presented in Fig. 2 can be used to estimate the 
binding energies Ed, and Ed, for the X  and L electrons at an 
Si donor. An estimate of Edx can be obtained by extrapola- 
tion of the linear part of the dependence EF (P) (in the range 
5-9 kbar) to zero pressure, which gives E, (0)  = 80-100 
meV and yields Edx = 50-70 meV. The values of Ed, given 
in the literature lie within the range 40-50 meV (Refs. 2, 15, 
2 1 ) . Similarly, using the Fermi energy of the dark electrons 
at zero pressure EFz7-8 meV and bearing in mind that 
cooling to typical relaxation temperatures ( z 80 K )  causes 
freezing of electrons in the r valley, we can estimate the 
binding energy of electrons at the DX level, which is 
EdL ~ 1 5 0  meV. According to the published data, this ener- 
gy is EdL =; 120-160 meV (Refs. 4, 13, 19, and 21). 

2. The reduction in the maximum density of the r elec- 
trons under pressure will be attributed to the capture of elec- 
trons by the X :  donor level, which is in agreement with a 
number of models. In the range of pressures 5-9 kbar the L : 
level is the ground state, whereas the X :  level is located 
higher, in resonance with the T valley (Fig. 1).  The princi- 
pal question is what happens to electrons captured in the X  
state. According to the ideas based only on energy band 
structure, electrons may relax back via the same state to the 
level L : from which they have been excited optically.2." 
However, according to Morgan,12 such relaxation is impos- 
sible and electrons fill the state X :  under thermodynamic 
equilibrium with the T valley. Both these states X :  and T 
are metastable relative to the L : level, because overcoming 
of the potential barrier associated with the lattice deforma- 
tion is the requirement for the capture of an electron by the 
L T level from the T valley or from the X  states. 

It is possible to determine experimentally whether 
metastable filling of the X  : level takes place: this is done by 
recording the temperature dependences of the density of free 
electrons below typical relaxation temperatures. If electrons 
return to the DX level, then all the changes in the electron 
density as a result of a slight increase in temperature Tare 
irreversible. However, if electrons fill the X  state metastably 
then variation of T results in a reversible redistribution of 
electrons between the states and the r valley and the process 
increases in intensity the closer the X : level is to the Fermi 
level of free electrons. 

A sample was illuminated at a fixed pressure until the 
different densities of free electrons were established (in the 
range from zero to the maximum value) and then the change 
in the Hall resistance R, was determined in a static magnet- 
ic field H = 3.06 T as a function of T. The working range of 
temperatures was within 40 K, i.e., relaxation was avoided: 
all the changes in the Hall resistance were reversible. The 
dependences AR, (T )  were recorded for two opposite di- 
rections of the magnetic field, smoothed out, and averaged, 
and then the change in the Hall density An ( T) was calculat- 
ed. The Hall factor was assumed to be unity. 

The dependences An ( T) obtained for different carrier 
densities and pressures are shown in Fig. 3. (The values of 
the density n, Fermi energy EF, and pressure P correspond- 
ing to different curves are listed in Table I.) Clearly, some of 
the curves reproduce one another quite well, whereas others 

Anx 10-16, cm-3 

FIG. 3. Dependences of the Hall density of free electrons An on the tem- 
perature Tof a sample obtained for different carrier densities (at 4.2 K )  
and pressures. The experimental dependences were smoothed out and 
averaged for two opposite directions of the magnetic field. The values of n, 
EF, and P used for different curves are listed in Table I. 
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TABLE I. 

Figure Curve P, kbar n x lo-'', cmP3 E F ,  meV 

differ quite significantly. We can conclude that for all the 
dependences of the first group the energy gap between the 
Fermi level of the r electrons EF and the X :  donor level 
exceeded 20 meV. A qualitative change in the dependences 
occurred when EF approached the donor level or crossed it. 
It should be stressed once again that all the temperature de- 
pendences of the Hall density of carriers were accurately 
reversible. 

The actual nature of the dependences An( T) for the 
first group could not be identified with certainty. It could be 
due to the effect of temperature on the Hall factor. The ratio 
An/n for these dependences was less than 3 4 %  and their 
nature was in qualitative agreement with the results of calcu- 
lations of the Hall factor of the r electrons in GaAs (Ref. 
22). In this case the dependences did not reflect the real 
changes in the density of free electrons. Deviations of the 
dependences An ( T) from this initial form (for EF close to 
X :) could be readily explained assuming that electrons ex- 
cited optically from the DX level had a thermodynamic- 
equilibrium distribution between the r valley and the donor 
states X f. When E, approached a smeared donor level from 
below, the density of the states localized above EF was con- 
siderably higher than below it: firstly, we were moving to- 
ward the maximum of the energy distribution of these states 
and, secondly, each unoccupied impurity state was degener- 
ate. The density of the free states in the r valley changed 
only slightly and, therefore, heating caused the transfer of 
free electrons to the impurity level so that the density of free 
electrons fell. This effect was manifested more strongly as 
EF approached the donor level. This occurred on increase in 
the carrier density (due to illumination) and on increase in 
the applied pressure, as demonstrated by the curves obtained 
at 5.5 and 7.3 kbar. At 7.3 kbar the maximum illumination 
established a situation in which the donor level was approxi- 
mately half-filled and the difference between the densities of 
the localized states above and below the Fermi level was 
largest (after allowing for the degeneracy of the vacant 
states). In this situation the transfer of electrons from free 
states to the localized ones was manifested most strongly: 
heating from 4.2 to 35 K changed the carrier density by al- 
most 14% and the change was fully reversible. 

When the majority of the X : donor states was filled 
after illumination, the density of the localized states above 
the Fermi level was lower than below it. Therefore, heating 
transferred electrons from the donor level to the r valley and 
the density of free electrons increased, as we indeed observed 
under a pressure of 8.8 kbar. 

The results obtained thus demonstrated that under the 
long-lived photoconductivity conditions both the r valley 

and the X :  donor level were filled metastably with electrons 
excited from the DX level and the distribution between the r 
valley and X : was in thermodynamic equilibrium. 

3. A qualitatively new effect was observed at pressures 
above 9 kbar. When a sample was cooled, the dark conduc- 
tivity disappeared already at T-250 K. Illumination at 4.2 
K did not produce conductivity. This was usually regarded 
as the absence of the long-lived photoconductivity. How- 
ever, when the sample illuminated at 4.2 K was heated to 
T z  15-20 K, a conductivity a did appear. At T=;40-50 K 
the conductivity and the density of free electrons increased 
considerably; in this range of temperatures the changes were 
fully reversible. However, heating above 50-60 K caused the 
conductivity a to disappear rapidly and irreversibly, and ob- 
servation of the conductivity at 20-40 K required a second 
illumination. 

The dependence of the Hall density of free electrons on 
the reciprocal temperature of a sample subjected to maxi- 
mum illumination and to pressures of 9.2 and 11.8 kbar is 
plotted on a logarithmic scale in Fig. 4. The dependence is 
clearly quite linear. The corresponding activation energies 
E, are plotted in Fig. 2. Clearly, these energies together with 
the maximum values of the Fermi energy fit well the same 
linear pressure dependence. 

This qualitatively new form of the long-lived photocon- 
ductivity can be explained completely by the Morgan hy- 
pothesis.'2 The X :  donor level, which limits the maximum 
electron density n*, drops at pressures above 9 kbar below 
the bottom of the r minimum and is the lowest of the "equi- 
librium" states. Therefore, illumination causes electrons ex- 
cited from the L : level to fill the X :  level, i.e., electrons are 
transferred from one localized state to another: there is no 
conductivity. Heating to 20-40 K activates electrons from 
the X :  level to the r valley: we observe conductivity. The 
linear nature of the dependences in Fig. 3 confirms that the r 
valley becomes filled with electrons in thermodynamic equi- 
librium with the X :  level. Further heating causes thermally 
activated relaxation of electrons to the level L : from the r 
minimum and from the X donor states. 

These results confirm directly that in the case of 

FIG. 4. Dependences of the density of free electrons n (on a logarithmic 
scale) on the reciprocal of the temperature T -' of a sample subjected to 
pressuresof9.2 kbar (a)  and 11.8 kbar (b).  The black dots (a) denote the 
values obtained during heating, whereas the open circles (0)  were record- 
ed during cooling. 
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Al,Ga, -,As ( ~ ~ 0 . 3 )  the L: donor level (DX level) is 
separated by an energy barrier from both free and localized 
states and the distribution of electrons between these states 
corresponds to thermodynamic equilibrium. Illumination of 
a sample at liquid helium temperatures metastably fills the 
lowest of the "equilibrium" states. In this case there is no 
fundamental difference between free and localized states, 
but in the latter case the long-lived photoconductivity may 
appear in a qualitatively new form or not at all. For example, 
in the case of Al, Gal -,As (xz0.3)  at PZ 13-14 kbar we 
might expect the energy of activation of an electron from a 
metastable donor level to the nearest vacant state to be com- 
parable with the energy barrier for the relaxation of elec- 
trons to the DX level. In this case illumination should result 
in metastable filling of the level X T, but it is generally impos- 
sible to observe the metastable conductivity. Different meth- 
ods have to be employed in order to detect metastable filling 
of the donor level under these conditions. 

CONCLUSIONS 

Our results demonstrate that both free and localized 
states in Al, Gal -,As ( ~ ~ 0 . 3  ) are separated from the DX 
level by an energy barrier. The distribution of electrons 
between these two types of states corresponds to thermody- 
namic equilibrium under the long-lived photoconductivity 
conditions. Hence, it follows that Al, Ga, -,As may in prin- 
ciple exhibit a wider range of metastable phenomena in addi- 
tion to the long-lived photoconductivity, which is one of the 
manifestations of the metastability. The results reported 
above demonstrate that in the case of Ale.,, G%,,, As under a 
pressure of P2 5 kbar the lowest metastable donor state cor- 
responds to the X valley. Under pressures in excess of 9 kbar 
a new metastable effect appears: photoexcitation at 4.2 K 
transfers electrons from one donor state to another (no long- 
lived photoconductivity is present); in a narrow range of 

temperatures (2650  K )  we may observe metastable ther- 
mally activated conductivity. 
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