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Variations of edge photoluminescence characteristics of high compensated undoped
gallium arsenide single crystals under influence of an electrical field (EF) has been
investigated. It is established that at liquid nitrogen temperature, the decreasing of
exciton radiation intensity in the material takes place at abnormal low values of field
strength in comparison with uncompensated material. It is shown that the result obtained
cannot be explained by known mechanisms of exciton state decay in EF. A new mechanism
of EF influence on decreasing of the exciton photoluminescence intensity is proposed. This
mechanism is due to GaAs structural features associated with its charge compensation.

Nzyueno maMeHeHWEe XapaKTEepPUCTUK KpaeBoil (DOTOJTIOMUHECIEHIINN MOHOKPHCTAJIJIOB
CUJILHO KOMIIEHCPOBAHHOTO HEJIETMPOBAHHOTO apCEeHUA TaJJIUA MOJ BJIUSHUEM 3JIEKTPUUEC-
Koro mojsa (SII). YeramoBieHO, UTO NPU TeMIEpaType JKUAKOTO a30Ta B JaHHOM MaTepuaJe
UMeeT MeCTO CHUJ)KeHUEe WHTEHCUBHOCTU SKCUTOHHOTO WUBJIyYEeHUS MPU aHOMAJIbHO HUBKUX,
0 CpPaBHEHUIO C HEKOMIIEHCUPOBAHHBLIM MAaTepUaJioM, 3HAUEHUAX HANPAKEHHOCTH  IIOJIA.
ITokazaHo, UTO IMMOJIyUYeHHBINI Pe3yJIbTAT HEBOSMOJKHO IOACHUTH M3BECTHBIMHU MeXaHU3MaMU
pacmaga 9KCUTOHHBIX cocrosfguuit B III. IlpexsosxeH HOBBIM MexaHuaM BauaHug OII mHa
CHUJKEHNEe WHTEHCUBHOCTU 9KCHUTOHHOI (POTONIOMUHECIIEHIIUN, KOTOPBIN OOYCJOBJIEH CTPYK-
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1. Introduction

The theoretical statements allowing to
analyze the exciton spectra of semiconduc-
tors in electric fields (EF) of different force
have been worked out long ago [1-3]. So, in
stationary conditions, the intensity of exci-
ton photoluminescence (PL) in a field with
electric strength E is defined by the prob-
ability impact ionization Q(E) and exciton
decay probability (1/1) resulting from others
radiative and non-radiative processes [2]:

I(E) = Io[1 + @EnT Y, (1)

where I is the PL intensity. In this case,
Q(E) can be found as
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In the latter expression, Q. W) is the
probability of ionization with one electron
detachement; p(W), density of states in the
conductivity band; f(W), the energy distri-
bution function for electrons, and the inte-
gral is takes over all energy values exceed-
ing the ionization energy W,;. At the same
time, it is known that the experimental data
for structurally inhomogeneous crystals [4, 5]
may differ essentially from the calculated
values given by expressions (1), (2).
The binary undoped semiconductors, such as
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Table. Parameters of SIU GaAs samples at T = 300 K

Sample No. p (-107 Q-cm) w, (cm?/V-s) Ngpo (-1016, cm™3) N¢ (1015, em™3)
1 8.2 5800 1.4 4
2 11.4 6100 1.7 7
3 7.7 5200 1.2 9
4 22.1 5500 2.0 12
5 9.5 5100 2.3 30

undoped gallium arsenide, show an essen-
tially inhomogeneous distribution of the
background impurity and intrinsic point de-
fects (IPD) [6]. Now, few investigations of
edge recombination in GaAs crystals in rela-
tively low (E < 300 V/cm) EF under similar
experimental conditions are characterized
by significant discrepancy of results. This
concerns both the field parameters causing
the edge emission suppression, and interpre-
tation of the results obtained [7—9].

Therefore, it is expedient to study the
EF influence on the edge emission of un-
doped GaAs crystals with the preset struc-
ture features. In this work, change of the
edge emission characteristics of high com-
pensated undoped gallium arsenide single
crystals at presence of EF is investigated at
temperature of liquid nitrogen. The most
probable mechanisms causing suppressions
of exciton radiation in such crystals under
influence of low electric fields are consid-
ered. The new mechanism of EF influence
on decreasing of exciton PL intensity is of-
fered.

2. Experimental

The Czochralski-grown semi-insulating
undoped (SIU) GaAs (100) single crystals
with the n-type of conductivity and the car-
rier concentration of n = 8107-3.108 ¢cm™3
were studied. Their dark conductivity is due
to the deep donors — thermally ionized EL2
defects (the defect basis is an arsenic atom
in the position of gallium, Asg, [10]). The
main background impurities were shallow
acceptors — carbon atoms occupying arsenic
vacancies and shallow donors — silicon
atoms in gallium vacancies. Their concentra-
tion ratio is Ng; = (0.2—0.5)-N(. Concentration
of these impurities (to within + 30 %) was
determined by photoluminescence method
considered in [11]. Parameters of the stud-
ied crystals at T = 300 K are presented in
Table (Nppo is total concentration of deep
donor centers EL2). An optical method was
used to determine Npyo (to within + 22 %),
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considered in [10]; p, n and p, values were
determined by Hall method). For all crys-
tals, specific resistance at 77 K p — o, the
majority carrier mobility u,~(2—
6)-104 cm?2/V-s. The samples were sized as
10x5x3 mm. Four identical point nickel con-
tacts of <0.5 mm diameter located along one
line and spaced by <1 mm were formed on
the sample surface. After annealing of the
contacts, the surface of crystals was treated
in pollshlng etchant H2804:H202:H20
(3:1:1).

A direct constant voltage was applied to
the outer contacts. The whole part between
inner contacts (£0.5 mm) was illuminated
evenly by a laser. The voltage drop U in the
illuminated area of the sample was deter-
mined by the compensation method. As at T
= 77 K, the nonequilibrium carrier concen-
tration in such a part dn >> ny=0, then the
voltage applied to outer contacts of the
crystal exceeded by two order the wvalues
registered in the laser-illuminated part. The
voltage drop determination error did not ex-
ceed 5 %. To eliminate the additional car-
rier injection from contacts, those were
coated with an optically opaque lacquer.

A He—Ne laser (quantum energy 1.96 eV,
absorption factor y = 4.10% cm™1) with ra-
diation strobbing at a frequency of v = 2 kHz
was used to excite the crystal PL at T =
77 K. That has permitted to reduce essen-
tially the possible warming-up of the sam-
ple, since in dark phase of strobbing, the
current is close to zero (electron lifetime
T, " 1077 s <<1/v [12]). Intensity of laser
irradiation was I ~ 1017 em 2.1, PL spec-
tra were registered by a standard technique
[18] with using of MDR-3 monochromator
at the spectral resolution not worse than
0.7 meV. PL intensity in energy range Av > 1 eV
was determined with the help of cooled
FEU-68 (threshold sensitivity in the range
of 1.51 eV ~ 10710 Im), and at Av <1 eV —
by cooled FD-9G photo diode. Integral in-
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Fig. 1. General view of PL spectra of SIU
GaAs single crystals.

tensity of PL was as an area, limited in the
spectrum by the corresponding luminescence
bands.

The narrow surface of crystal was a
source of effective PL (more than 80 % of
recombination is generated in this area).
Extension of this area in the sample depth
was s = 1/y, if I; <7y (I; being the electron
diffusion path at T =77 K), and s = [;, if
1y >x. Accordingly, the average value of
electric field strength in the illuminated
crystal area, starting from exponential de-
creasing of electric strength deep into the
sample, was determined as:

S
. 3)
= 2] By - e/say,
0

where y is the coordinate in the light pass-
ing direction; E, the electric field strength
on the spot. Using criterion of low electric
field [14]:

E<<3k-T/2e-1, 4)

where e is the electron charge; I,, average
electron free path (it is accepted to be
le;5-IO’5 cm at T = 77 K, that is typical of
sufficiently "pure” crystals [4]; deteriora-
tion of the crystal quality reduces this
value and, respectively, increases E..), we
get the condition FE <<E_, =200 V.em™1
which well hold for all electric strength val-
ues in this work.

3. Results

The main contributions to the PL spectrum
of SIU GaAs single crystals at T=77 K
are: the edge luminescence band with a
maximum in energy range hv, = 1.506—
1.508 eV (the maximum position depends on
concentration of electrically active impurity
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Fig. 2. Edge radiation of crystal (sample
No.1l) without (I) and with (2) EF. Dotted
lines are expansion of a curve (1) on the
radiation components caused by exciton (3)
and free electrons and holes recombination
(4). Inset: Dependence of exciton radiation
intensity on EF strength (sample No.1).

[15]); the extrinsic luminescence band with
hv, =1.490 eV caused by the shallow ac-
ceptor centers — carbon atoms occupying
the arsenic vacancies Cpg involved in the
emissive transitions; and the band with
hv,~0.65 eV induced by emissive transi-
tions through EL2 deep donor centers [10]
(Fig. 1).

A decrease of the edge PL intensity was
observed at electric strength values
E>28 V.em™!  (inset in  Fig. 2). At
E>35 V-em™!, there was no emission with
the maximum at hAv,,=1.506-1.508 eV,
and the edge band maximum fell on the
energy range hv,;=1.513-1.515 eV (Fig.
2). At the same time, the energy difference
Ahv = hv, ;—hv,, was 6.6£0.4 meV for all
studied samples. Values of E[ (the proce-
dure of Er determination is shown in the
inset in Fig. 2) were varied non-trivially
with change of N (inset in Fig. 3).

In accordance with decreasing intensity of
luminescence band with a maximum hv,,,
the intensities of bands with Av, = 1.490 eV
and hv,~0.65 eV increased, so that the
emission intensity I;, integrated over the
whole spectral band was practically constant
(Fig. 3). The further increase of electric
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strength up to 50 V/em did not cause any
essential changes in the PL spectra.

4. Discussion

According to theoretical statements [16]
and corresponding calculations [15], the
edge emission band of undoped GaAs at
77 K can be expanded into two components.
The first one, with a maximum at hv, =
1.514 eV, is due to recombination of free
electrons and holes (Fig. 2 (4)). The second
component of a higher intensity which show
a long-wave shift of maximum with increas-
ing Cpg concentration [13] (hv,, = 1.5082—
1.5059 eV), is caused by radiative annihila-
tion of free excitons (Fig. 2 (3)). When com-
paring the curves 1 and 2 in Fig. 2, it is
seen that exciton radiation is quenched in
electric field at E>10 V-em™1, and the resid-
ual edge radiation (from here on, the edge
radiation in field) is determined by "band-
to-band” carrier recombination.

The following mechanisms causing the
quenching of exciton Iluminescence are
known: (i) thermal dissociation of excitons;
(ii) increasing probability of the nonradia-
tive exciton recombination; (iii) impact ioni-
zation; (iv) tunneling of an electron from
the bound state into the conductivity band.
Let the realization probability of each
mechanism be considered. (i) The thermal
dissociation of excitons (as a result of sam-
ple heating) can be excluded from review-
ing, on the one hand, due to low currents
and the corresponding experimental tech-
nique (see section "Experimental”) and, on
the other hand, due to absolutely another
changing character of the edge radiation pa-
rameters at T~77 K [17]. (ii) The absence of
any essential changing of the integrated PL
intensity in EF (Fig. 3) testifies to a con-
stant value of integrated (over all the wave-
lengths) quantum efficiency of radiation in
the crystals. This implies that the prob-
ability of non-radiating electron-hole recom-
bination in low EF is not increased. (iii),
(iv) The E values obtained in this work are
too low for realization of both mechanisms.
Really, additional energy which the electron
gets in EF in the free path

W=e-E-l, )

in the presented experiment does not exceed
1.8 meV (see Note 2). This value is much less
than the exciton binding energy W, = 4.1 meV,
that makes impossible its impact ionization.
The tunneling probability of electron to the
conductivity band is P ~exp(-E,/E) [14],
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Fig. 3. Dependence of the total integrated PL
intensity on EF strength (sample No.l). Inset:
Dependence of E. on concentration of electri-
cally active carbon in SIU GaAs crystals.

where E; is a tunneling constant which de-
pends on the crystal parameters:

. - W%. m:{z (6)
T 2n-e

The equivalent effective electron and
hole mass in GaAs m,=m, (mebeing the ef-
fective mass of electron). There from,
E~800 V/ecm. The experimental values
E<<E,, hence, the probability of tunnel
process can be neglected.

Thus, in very low EF, any mechanism of
exciton luminescence quenching mentioned
above cannot be realized. Moreover, it is
known from [7, 8] that E values causing a
drop of exciton radiation intensity in un-
compensated GaAs exceed considerably the
E- obtained in this work (E values causing
the PL quenching in EF for uncompensated
GaAs also exceed E considerably). It would
be assumed that the results obtained are
caused by structural features of GaAs asso-
ciated with its charge compensation.

The "fatal” cause eliminating all displays
of exciton states in bulk crystals is known
to be the screening of the Coulomb electron-
hole interaction thus preventing the elec-
tron-hole mutual attraction. The destruction
of exciton states begins when the distance
between the charged impurities
6%1/(4-N)1/32RB (where N is the concentra-
tion of electrically active impurity, Rp,
Bohr radius of the exciton). In GaAs,
Rp =15 nm and the above requirement is
satisfied at N>7-1016 ¢cm~3. However, such a
process is stochastic and the complete decay
of exciton states takes place only at
N>5-1017 em™3 [16].
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In highly compensated SIU GaAs, the
state density "tails” are formed even at low
doping due to spatial fluctuations of impu-
rity density (negative carbon N, positive
silicon Ngj, deep donors N9, ete.) [16, 18].
The potential well parameters of the largest
scale for the specified conditions (i.e. spa-
tial width r; and the well energy depth y)
are defined by the relations [15]:

\/_ ekT &)

2 .
=W ®

At T=177 K and Ny = Ng+ Ngpo + Ng;
(where N0 = 2:1016 cm™3; N = 2:1016 cm™3;
Ngi#1/8-N¢), r1=3.9-1076 cm and y;=5.2 meV.
Such parameters provide the localization
condition for heavy holes

2 ©)

m* - r2

while hardly providing the localization of
electrons (the width and geometry of vari-
ous wells can differ essentially, so the
r.m.s. value y experimentally determined in
[20] was ~1.5 meV). It is to note that con-
centration of the charged ODD (Nggpp) in
GaAs, depending on the Fermi level posi-
tion, can make a considerable proportion of
the total ODD concentration [19] which
reaches 1019 ¢cm~3. Therefore, the unhomo-
geneous distribution of Nggpp in a crystal
can contribute to the processes considered
below. However, for compensated materials,
in particular for SIU GaAs, the problem of
the ratio between the charged and neutral
ODD is investigated insufficiently. That is
why the spatial fluctuation of Nggpp will
not be taken into account in this work.

Thus, in areas of ~1076 cm size (with
higher value of N than an average in the
crystal) excitons cannot exist. Those exist
in intermediate areas where N is lower than
average value.

In EF, an exciton has the dipole moment

P =¢gquE, 10)

where o is the exciton polarizability. A
quantum-mechanical calculation shows [21]
that the nondegenerate level with n =1,
J =0, my;=0(J, my are quantum numbers
of the atom total momentum and its projec-
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tion onto the allocated axis) is not split, and
a displacement depending on the field
strength is observed for this level.

The component of the current carrier
speed caused by field force is

Av=pn- E, (11)

and in our experiment its value reaches
~10% cm/s. Accordingly, the electron dis-
placement along the field during the exciton
lifetime (1210710 ) may amount Ar ~ 1074 cm.
This value exceeds the electron free path
I, ~ 1075 cm, therefore, it is necessary to be
limited by the I, value. Although the addi-
tional energy received by electron in EF at
length [, is insufficient for transition of
exciton into a quantum state with n = 2,
the exciton gets a dipole moment and its
orbit becomes extended along the field. If
we accept that the sizes of areas with the
lowered concentration of an impurity exceed
ry no more than by one order [22], then in
EF exciton orbits will get into areas with
increased N (areas of "tails™). This results
in the exciton decay. The increase in impu-
rity concentration results in increased ry,
decreased activation energy of such decay as
well as the E value (see inset in Fig. 3).
However, with increasing impurity concen-
tration, the carrier scatter is increased, the
I, value is reduced, thus resulting in in-
creased E. These two competing processes
cause non-trivial dependence E (N() (inset
in Fig. 3). Also it is to note, that at T = 4.2 K,
re?~0.05-r;2 and y4~0.5-y; from expressions
(5), (6). Therefore, the localization condi-
tion (7) is realized worse and influence of
"tails” can be much weaker.

The formation probability of the local-
ized electron states in "tails” of conductiv-
ity band is low. Moreover, the majority of
electrons and holes in the pairs are distant
at r; and the radiative recombination prob-
ability for electrons and holes is negligible.
That is why the electron entrapped in "tail”
area is thrown out thermally into the band
[15]. Value of ET at T = 77 K is ~6.6 meV,
that corresponds to an energy difference
Ahv between positions of the edge PL band
maximum observed for all investigated
crystals in EF and in absence of EF.

5. Conclusions

In the crystals of high compensated un-
doped gallium arsenide placed in low elec-
tric field (EF) at T = 77 K, the exciton ra-
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diation intensity decreases at abnormal low
electric strength in comparison with uncom-
pensated crystals. Such a decrease cannot be
explained basing on known exciton state
decay mechanisms in EF. The most probable
reason for the obtained effect is as follows.
In EF, the exciton dipole moment is ori-
ented along the field. In compensated mate-
rial, even at low concentration of electri-
cally charged background impurities, the
"tails" of state density are formed as a re-
sult of fluctuations of the impurity concen-
tration. The screening of the Coulomb inter-
action between electrons and holes when
geting in area of such "tails" destroys the
exciton states in the crystal placed in low
electric field.
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SHUKEeHHS iHTeHCHMBHOCTI €KCHTOHHOTO
BUNIPOMIiHIOBAHHSA IIi/i BIIMBOM CJAa0KOT0 €JeKTPUYHOTIO
MOJIT Y MOHOKPHCTAJIaX KOMIIEHCOBAHOTO apCeHiay raiiio

0./ .lllmanvrko, M.B.J/Iimeéinoéa, B.B.Rypaxk

HocaimxeHo 3MiHYy XapaKTepUCTUK KpaeBol (oTosroMiHeciieHIIil MOHOKPUCTAJIIB CHUJILHO
KOMIIEHCOBAHOT'O HEJIETOBAHOTO apceHixy rajito mig BmiaumBoM ejektpuuHoro nojas (EII).
BceranoBieHno, 1o npu TeMunepaTtypi piZKoro asory y JaHOMY MaTepiasii Mae Miclie 3HUIKEHHSA
iHTEeHCUBHOCTI €KCHUTOHHOI'O BUIIPDOMiHIOBaHHS NPU AHOMAJbHO HUBBKUX, IIOPIBHAHO 3 He-
KOMIIEHCOBaHUM MaTepiajoM, 3HAUeHHAX HaIlpysKeHocTi mojasa. IlokasaHo, 1o oTpuMaHUH
pe3yJIbTaT HEMOMKJMBO IOACHUTU BiJOMUMHU MexaHiBMaMM pO3INaJy eKCUTOHHUX CTaHiB y
EII. 3anpomonoBaHo HOBuUiI MexaHisM BmjauBy EIl Ha 3SHUKeHHSA iIHTEHCUBHOCTI €KCHUTOHHOI
doroaominecieniii, odymoBienuil cTpyKTypHUMHU ocobauBoctamMu GaAs, mo mos’ssani 3

foro 3apAg0BOI0 KOMIIEHCAILi€0.
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