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Abstract—The results of studying the influence of various types of shallow-level impurities and their concen-
trations on the microhardness and photomagnetic effect in silicon single crystals are reported. It is shown that
an increase in impurity concentration results in a decrease of both the dark microhardness and the magnitude
of the photomagnetic effect. The effect of the acceptor impurities is found to be more efficient in comparison
with the donor ones. The data obtained are explained on the basis of the mechanism according to which the
decrease of microhardness in semiconductors is caused by free charge carriers (antibonding quasiparticles)
occurring in relevant energy bands. © 2001 MAIK “ Nauka/Interperiodica” .

The influence of shallow-level impurities on micro-
hardness and the photomechanical effect (a change of
microhardness under illumination [1]) has been
reported in a number of publications [2—6]. Their anal-
ysis shows that in some cases the experimental results
not only disagree but even contradict each other. A pos-
sible cause of such acontradiction can berelated to dif-
ferent experimental conditions. The absence of a com-
mon opinion about the mechanism of formation of the
impressions in the course of indentation, as well as
about the mechanism of photomechanical effect at a
microscopic level, is areason why the physical nature
of these effects has not yet been clarified.

The physical nature of the influence of the type and
concentration of shallow-level impurities on the micro-
hardness and photomagnetic effect is clarified in this
study on the basis of the mechanism proposedin[7, 8],
which allows the explanation of all specific features of
photomechanical [9-12], electromechanical [13], and
thermomechanical [14] effects. According to this
mechanism, the observed decrease in microhardness
under the effects of light, electric field, and temperature
on a semiconductor is caused by the formation of anti-
bonding quasiparticles (free electrons and holes).

We studied dislocation-free single crystals of silicon
with (100)-oriented surfaces doped with phosphorus
and boron within the concentration range N from 10'3
to 10 cm3 to introduce shalow-level donors and
acceptors, respectively. The preparation of the surfaces
of the samples and the methods for observation of
microhardness in the dark and under irradiation with

white light of various intensities have been described
previously [9]. The loading was chosen equal to 25 g.
In all measurements, the major diagonal of Knoop's
pyramid coincided with the [100direction in the (100)
plane.

The microhardness measured in the dark and under
illumination for Si samples as a function of impurity
concentration is shown in the figure. It can be seen that
an increase in the shallow-level impurity concentration
resultsin adecrease in both the dark microhardness and
the magnitude of the photomechanical effect. It can
also be seen that the influence of the acceptor impurity
on the dark microhardness is more efficient in compar-
ison with the donor impurities. Qualitatively, the same
impact of impuritiesistypical for the photomechanical
effect.

The decrease in dark microhardness with increasing
concentration of shallow-level impurities is caused by
the formation of free electrons and holes in relevant
energy bands (antibonding quasiparticles). They
weaken the interatomic bonds [8] and facilitate the
motion of atoms in the mechanical field produced by
the indenter. This is also supported by the fact that the
impurity atoms do not affect the dark microhardnessin
compensated Si samples.

A stronger influence of the acceptor impurities in
comparison with that of donors is caused by the fact
that the top of the bonding (valence) band lies at a
larger energy distance from the level of an isolated
atom than the bottom of the antibonding (conduction)
band (see Fig. 3.3 in [15]). Therefore, a hole in the
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Microhardness measured (1, 2) in the dark and (3-6) under
illumination Hy as a function of impurity concentration in
Si. The illumination intensities were (1, 2) O, (3, 4) 1,
(5) /2, and (6) 1/4 in arbitrary units.

bonding band weakens the chemical bonds to a greater
extent than a free electron located in the antibonding
band. It should also be pointed out that the bond-weak-
ening effect of the antibonding quasiparticles, which
are formed due to the ionization of impurities, is con-
siderably smaller than of the quasiparticlesformed asa
result of the band-to-band transitions. In the latter case,
the chemical bond weakens by an energy equal to the
band gap [16]. If the antibonding quasiparticles are
formed by the electron and hole transitions from the
impurity levelsto relevant energy bands, the weakening
of the chemical bondsis controlled by the energy depth
of these impurity levels. Thus, in order to attain the
same degree of weakening of chemical bonds, the num-
ber of antibonding quasi particles generated in thelevel -
to-band transitions should be an order of magnitude
greater than the number of these quasiparticles result-
ing from band-to-band transitions.

It is also easy to explain the decrease in the magni-
tude of the photomechanical effect with increasing
impurity concentration in Si. Thisoccurs because of the
decreasein thelifetime of the charge carriers excited by
light, which leads to the reduction of the steady-state
concentration of antibonding quasiparticles at a given
illumination intensity. A comparatively large reduction
of the photomechanical effect in the crystals with
acceptor impurities is observed, because the softening
action of antibonding quasiparticlesinduced by light is
the same for both types of samples, whereas the dark
microhardness for acceptor impuritiesis lower.

The effect of illumination becomes unobservable if
the bond-weakening effect of antibonding quasiparti-
cles formed by the ionization of impurities becomes
considerably stronger than that of the quasiparticles
formed by the illumination (i.e. by the band-to-band
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transitions). This corresponds to the impurity concen-
tration region where the curves 1, 5and 1, 6 in the fig-
ure merged together. Such an explanation is supported
by the fact that the regions in which the concentration
dependences of microhardness measured in the dark
and under illumination merge together shift to higher
concentrations of the antibonding quasiparticles
formed by the ionization of impurities.

The presence of shallow-level impurity atoms man-
ifestsitself in the residual photomechanical effect (the
residual softening of the subsurface layer of the mate-
rial after turning off theillumination [10]). Theincrease
inimpurity concentration causes the reduction not only
of the charge carrier lifetime, but also of the Debye
screening length [17]; as aresult, the width of the bar-
rier arising due to inhomogeneous bending of energy
bands along the sample surface decreases [18]. This
causes an increase in the concentration of antibonding
guasiparticles stored in corresponding spatially sepa-
rated minima and, therefore, reduces the influence of
antibonding quasiparticles produced by light and
enhances their recombination rate. All these factors
reduce both the magnitude of the residua photome-
chanical effect and its lifetime.
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Abstract—L aser-induced deposition was employed to grow HgCdTethin filmson Si substrate at atemperature
of =190°C. Auger spectroscopy and optical and electrical measurements demonstrate that the quality of films
obtained is strongly dependent on the type of source and quality of the Si substrates. © 2001 MAIK

“Nauka/Interperiodica” .

In this study, we measured and analyzed the Auger
electron spectra, and the structural, electrical and opti-
cal properties of HgCdTe layers grown on (001)- and
(111)-oriented Si substrates by modulated laser beam
epitaxy, i.e., by sputtering the target materia with a
modulated infrared laser beam. During the HgCdTe
epitaxy, the temperature of substrates did not exceed
190°C. As source materias, we chose HgCdTe single
crystals of specific composition and ground material in
the form of pellets prepared by cold pressing. No addi-
tional source of Hg vapor was used. The following are
the parameters of laser radiation we employed: modu-
lation frequency f ranged from 10 to 100 Hz, photon
energy Aw was 0.118 eV, and the power density W was
varied from 10* to 10° W/cm?. The scanning geometry,
the step size, and the sputtering time were set and con-
trolled by a computer. In view of the high temperature
conductivity of HgCdTe (2.2 x 102 cm?/s), the neighbor-
ing irradiated areas of the target were not allowed to
overlap, in order to exclude heat accumulation some-
where on the target. Owing to this, the convective ther-
mal evaporation from the areas adjacent to the laser-
irradiated region was reduced. Composition of the
grown layers was determined by Auger electron spec-
troscopy, by energy-dispersive X-ray analysis (EDAX),
and from the optical absorption spectra.

Theresults of Auger spectrometry indicate the pres-
enceof C, S, and Cl on the film surface. The concentra-
tion of these elements decreases rapidly with the dis-
tance from the surface and nearly vanishes at a depth of
about 1 nm. To determine the content of componentsin
the layer, we resorted to a comparison of the samples
with a material of known composition. Using the ele-
mental-sengitivity coefficients for HgCdTe seems incor-
rect here, since these coefficients are generally deter-
mined from comparison between intensities of Auger
transitions in differential spectra of an element (l;) and
those of apuresilver or silicon target (154s)), the effect of
the host material and the specific features of the andyzer
disregarding [1]. M oreover, the determination of the coef-
ficient of component response for Hg is ambiguous.

Concentrations of Hg, Cd, and Te atoms are nearly
constant throughout the surface layer including the sur-
face. Thisis also confirmed by the EDAX data.

The comparison of Auger spectra of the studied lay-
erswith those of the single-crystal material of thetarget
(Fig. 1) shows, in contrast with [2, 3], an excess of mer-
cury in the layers at any temperature of epitaxy. We
note also that in HYCdTe layers grown on Si substrates
a moderate temperatures T, = 190°C, the resulting
composition depends on the volume purity of the sub-
strate and on the carbon content in particular. Thus, in
layers grown on a Si substrate with a large concentra-
tion of carbon, the diffused C atoms are detected
throughout the entire layer with thicknessh < 5 um.

The X-ray structural analysis of HQCdTe/Si hetero-
structures has revealed that, regardless of the substrate
temperature, a a medium growth rate v = 20 A/s
(growth rate during the laser-pulse passage is 240 A/s),
the layers obtained are polycrystalline with (111) pre-
ferred orientation. In addition, the spectrum has a peak
corresponding to (100) orientation. The ratio of peak
intensities corresponding to (111) and (100) orienta-
tionsincreases with decreasing growth rate.

The morphology of the film surface is defined to a
smaller extent by the density of laser radiation at the
target. Under the condition that the laser beam diameter
considerably exceeds the crater depth (d > h,) and
with W = congt, we always obtain afilm with both mir-
ror surfaces. the free one and the other adjacent to the
substrate. Sputtering of the same site on the target up to
the formation of a crater (d < h,) leads to the produc-
tion of spherical inclusions on the free surface. The
density of inclusions grows with h, and the film
becomes diffuse-reflecting. As this takes place, the
inclusion size remains constant, and the surface adja
cent to the substrate remains ideally smooth. The sur-
face of the crater bears traces of the melt.

The liquid-phase inclusions observed on the film
surface provide evidence for considerable heating of
the crater walls with vapor flux and subsequent ejection
of the liquid matter into the condensation zone. This
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fact is aso confirmed by the dependence of the density
of inclusions on the distance between the source and
the substrate: as the distance increases, the density
noticeably decreases.

Morphology of the grown films was also examined
by scanning atomic force microscopy (AFM) at room
temperature. Every AFM image gives us aview of the
surface areaof 1.5 x 1.5 um? in size. The film structure
turns out to be polycrystalline, with columnar crystal-
lites increasing in size with a decrease in the growth
rate, which agrees well with X-ray structural studies.

With the exception of the liquid-phase inclusions,
the same morphology of the surface was observed for
CdTe layers deposited on the Si substrate in a wide
range of growth temperatures. Therefore, it is most
probable that the inclusions in HgCdTe contain mer-
cury. Such inclusions can cause a significant error in
HgCdTe content determined from Auger spectroscopy
and EDAX measurements. In this circumstance, the
optical absorption spectra seem to provide the most
reliable information. The corresponding study was per-
formed at a temperature of T = 340 K with an IKS-31
spectrometer. The band gap E; was determined at the
absorption level a = 700 cm™* and the film content
turned out to coincide with that of the single-crystal tar-
get, specificaly, Hg, _,Cd, Te (x = 0.22).

We a'so studied the electrical properties of HgCdTe
films on the Si substrate in the temperature range from
77 to 310 K (Fig. 2). For al of the samples obtained,
n-type conduction was observed. To invert the conduc-
tion type, we have to increase the growth temperature
to T, > 190°C, where reevaporation of Hg accompanies
the growth and cooling of thefilm. At T =77 K, the car-
rier mobility u was in the range between 10° and
7 x 10% cm?/(V ). These values are an order of magni-
tude smaller than those determined for HgCdTe layers
grown on Si by molecular beam epitaxy (MBE), but are
comparable to similar parameters obtained in [2]. The
low mobility once again supports the conclusion about
the polycrystalline structure of the films.

Regardless of the conduction type of the semicon-
ductor crystal, the films had n-type conduction. When
thetarget is single-crystalline, the carrier concentration
Np — N, is no lower than 9 x 10'® cm3 and increases
considerably with temperature, whereas with the target
from pressed materials, Np — Ny =5 x 10 cm3 (77 <
T < 350 K). Temperature dependences of the Hall coef-
ficient (Ry), resistivity (p), and mobility () are shown
inFig. 2.

The difference between the Ny — N, values for tar-
gets of different types cannot be uniquely related to the
pressing-induced contamination, since the sputtering
conditions (W = const) are different for asingle crystal
and finely dispersed matter. Sputtering of a pellet gives
rise to a flux of particles with higher energies, which
enables soft implantation and the generation of donor
centers.
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Fig. 1. Auger spectraof HgCdTefilms grown on Si by sput-
tering (1) a single-crystal target and (2) the pressed pellet.
(3) Auger spectrum of the bulk single-crystal source mate-
rial.
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Fig. 2. Temperature dependence of (1, 4) resistivity p, (2, 5)
Hall coefficients Ry, and (3, 6) mobility p for n-HdCdTe
filmsgrown on Si from (1-3) Hg; _,Cd, Te (x=0.2) single-
crystal target and (4-6) the pressed pellet.
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The results considered above apparently follow
from significant supersaturation arising near the sub-
strate during laser sputtering. Under this condition, the
film becomes continuous even at an early stage of
growth; however, the numerous nuclei, which appear
but do not reach Ostwald ripening, have a significantly
disordered orientation. It seemsthat in the range of epi-
taxial temperatures used, the crystallites cannot be
ordered without a considerable decrease in the growth
rate if congruent evaporation isretained. This conclusion
is confirmed by the results of [4, 5], in which laser sput-
tering of a target was used to deposit CdTe/CdMnTe
superlattices and epilayers.

The epitaxia growth of 11-VI compounds on the Si
substrate presents areal challenge, not only because of
differences in the lattice constants and thermal expan-
sion coefficients, but also due to a difference in the
layer and substrate surface free energies|[6, 7]. The sur-
face free energy of (111) Si is higher than that of the
I1-VI compounds, HgCdTe among them. For the
(111) orientation, thisdifference amountsto asmuch as
Ao(111) = 500 erg/cm?, which promotes continuous
film condensation [8] but does not stimulate the epitax-
ial growth of continuous single-crystal layers.

Thus, in contrast to MBE and laser molecular beam
epitaxy [9], laser sputtering with moderate energy den-
sity W= 10° W/cm?, which does not give rise to highly
energy-dispersed gas—plasma fluxes (E < 2 x 10% eV),
enables the epitaxial growth of HgCdTe in a vacuum
without adding Hg. Therefore, the search for surfac-
tants to the (11-VI1)/Si heteropair is a topical problem,

PLYATSKO, BERGUSH

especially important for nonequilibrium film growth,
which to adifferent extent isrealized both during MBE
and laser epitaxy. As compared with MBE, laser sput-
tering of the target provides a considerably higher
energy of particles in gas flux, thus ensuring a higher
lateral mobility on the surface. This fact can also be
used to facilitate heteroepitaxy on silicon substrates.
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Abstract—The evolution of the spatial distribution of photogenerated electron—hole plasma in n-Ge samples
during charge-carrier heating by an electric field at T = 77 K was studied. A multiprobe system was used, and
the infrared emission from the sample in the wavelength range of A = 1.65-10 pm was measured to clarify the
processes of contact exclusion, direction reversal in the bipolar plasma drift, the formation of high-field thermal -
diffusion autosolitons, and lattice heating in the vicinity of an autosoliton. © 2001 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

Current instabilities accompanied by stratification
of the charge-carrier density and formation of spatially
inhomogeneous structures emerge as aresult of intense
charge-carrier heating by an electric field (E =
1500 V/cm) in monopolar-conduction semiconductors
that typically feature either N- or S-shaped differential-
conductivity curves (see, e.g., [1]). Asthistakes place,
the effective temperature of charge carriersin acrysta
far exceeds the | attice temperature.

In semiconductors with bipolar electrical conduc-
tion, the stratification of quasi-neutral electron-hole
plasma during current instabilities may aso occur
under conditions of positive differential conductivity
[2, 3], for much lower levels of the charge-carrier heat-
ing and at much lower electric fields. In a bipolar sys-
tem, a steady and highly nonequilibrium high-ampli-
tude autostructure may emerge even if the average heat-
ing of the charge carriersis dight aslong as thereis a
local higher level excitation for a short time; this auto-
structure may feature a high temperature or a high
charge-carrier density. This class of autostructures
includes, in particular, thermal-diffusion autosolitons
that may manifest themselves either as current fila-
ments or as high-field domains [3—7]. Observations of
luminous spots in GaAs films [3, 4, 7], filaments in
o-SiC p—njunctions [6], and Sshaped current—voltage
characteristics in InSb crystals [8] are related to the
emergence of such autosolitons.

We previously detected the above high-field auto-
solitons in n-Ge electron—hole plasma generated by
light and heated by an electric field [9-12]. We used a
multiprobe contact system to study the dynamics of

formation and subsequent evolution of various types of
autosolitons in relation to the crystallographic orienta-
tion of the samples; these types include the static, trav-
eling, pulsating, and individual autosolutions, and those
following each other.

The objective of this study was to gain insight into
the modification dynamics of spatial distribution of
electron—hole plasmain the course of it being heated by
an electric field, to compare these dynamics with those
of variation in the infrared (IR) emission from the hot
charge carriers, and to estimate the Joule heating of the
crystal lattice in the vicinity of an autosoliton.

2. EXPERIMENTAL

We used samples of high-resistivity n-Ge[1110with
aresitivity of ~40 Q cm and a donor concentration of
Ny ~ 1 x 10'® cm3; the samples were 0.05 cm in thick-
ness and 0.1 x 0.8 cm in area, were provided with two
n*—n contacts at the end faces, and were installed in a
liquid-nitrogen cryostat together with an 18-probe
head. The cryostat had two transmitting IR windows
(the inner cold windows made of ZnSe and the outer
warm windows made of BaF,) and a single quartz win-
dow oriented at an angle of 45° to the axis of the output
IR window.

Thewide face of the sample was oriented parallel to
the IR windows along their horizontal axes. Two lenses
made of BaF, were used to focus the IR emission from
the samples onto a Ge:Au photodetector installed in
another liquid-nitrogen cryostat with an IR window.
The spectral-sensitivity curve for the photodetector in
the wavelength range of A = 1.6-10 um is shown in
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Fig. 1. A schematic representation of the setup for measur-
ing the distributions of the electric-field strength over the

sample and the IR emission from the n*—n—n* structure in
the n-Ge sample. 1-18 correspond to the numbers of contact
probes;, PD stands for a Ge:Au photodetector; L, and L,

stand for BaF, lenses; M; and M, stand for the plane mir-
rors, M3 stands for a spherical mirror; S stands for a BaF,

plate; and FG denotes a flash lamp for generating the elec-
tron-hole plasma. The inset shows the spectral-sensitivity
curve S* for a Ge:Au photodetector.

Fig. 1 (seetheinset). In addition, the IR emission from
the sample was cut from the short-wavelength side (A =
1.65 um) using a Ge plate in order to eliminate the sig-
nal corresponding to the flash-lamp light reflected from
the sample.

The photodetector was set at the desired area of the
sample using the CO,-laser radiation that passed
through the second IR window, penetrated through the
sample, and reached the photodetector. The electron—
hole plasma with electron and hole concentrations as
high asn=p =1 x 10' cm was generated by asingle
bell-shaped pulse of light with aduration of T, =230 ps.
The light was introduced into the cryostat through a
guartz window; the generation was uniform over the
large-area sample surface facing the exit IR window.
A rectangular voltage pulse with an amplitude as large
as 300V and duration of 1, = 10-250 pswas fed to the
n*—n contacts of the sample either simultaneously with
the onset of the optical pulse or with a delay (at the
point in time corresponding to the peak of the intensity
of light). The storage oscilloscopes were used to record
the pulse signals of light I(t), current J(t), voltage U(t),
and emission from the sample IR(t); the voltages at the
probes were fed to differential inputs of the oscillo-
scopes, which made it possible to detect local electric-
field strengths in various regions of the sample and
determine the electric-field distributions over the sam-
ple at the desired pointsin time.
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In the absence of illumination, a virtually uniform
electric-field distribution (E, = U/l = 5400 V/cm,
where | is the sample length) is obtained in the sample
subjected to a rectangular voltage pulse, except for
dlight nonuniformities either at the contacts or in the
middle part of the sample; the latter nonuniformities
are caused by inherent inhomogeneities of the sample
resistivity due to impurities, defects, surface quality,
etc.

In illuminated samples, three spatial-temporal phe-
nomena are observed as the applied voltage increases.
In what follows, we describe the typical data using one
of the samples as an example.

3. RESULTS AND DISCUSSION
3.1. Contact Exclusion

As the intensity of illumination of the sample
increases for moderate applied voltages (U < 80 V,
lower than the autosoliton-formation threshold, see
[9, 10]), the current first increases steadily, attains its
maximum value before the peak of illumination inten-
sSity isreached, and then decreases steadily (Fig. 2). As
thistakes place, the electric-field strength E, _(t) at the
positively biased contact (within the interval of Iy ;)
rapidly increases from E,, ~ 100 V/cm to a maximum
value of Ey ; ~ 550 V/cm; at the same time, in other
parts of the sample (I,_,, |._5, €tc.), the electric-field
strengths E,_,(t), E,_5(t), and so on, decrease first (after
a dight initial increase) to a certain minimum value
Emin ~ 30 V/cm, which is constant for most of the sam-
ple, owing to the development of exclusion, i.e., to the
field-induced shift of the electron—hole plasmafrom the
positively biased contact to the negatively biased con-
tact in the direction coinciding with the minority-car-
rier (hole) drift.

The signal of integrated IR emission (IR) from the
exclusion region in the sample emerges for certain val-
ues of illumination intensity and field strength in this
region, increases steadily to a maximum, and then
decreases to zero as | decreases (Fig. 2). The IR signal
was eliminated by installing a glass platelet between
the sample and the photodetector. This indicates that
the main emission is concentrated in the IR region of
the spectrum beyond the glass-transparence cutoff. It is
easy to verify that, in this situation, the temperature of
the emitting electron—hole plasma does not exceed
300 K.

However, calculations of the electron and hole tem-
peratures in the heating electric field performed on the
basis of the energy-balance equation with alowance
made for various mechanisms of scattering [11, 12]
yield amost the same temperatures for electrons (T, ~
200-250 K) and for holes (T, ~ 150-180 K) for the
fields of E, ~500-700 V/cm. The Joule heating of the
crystal in the exclusion region as obtained from the
thermal-balance equation does not exceed AT ~ 50 K
No. 4
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and only dlightly affects the dynamics of the IR signals
and the local fields E; ;.

3.2. Direction Reversal for Bipolar Drift

For ahigher applied voltage (U > 100V), the current
first increases steadily with increasing illumination
intensity. As this takes place, the fields Eg 4(t) and
E;_,(t) in the two near-contact regions also increase to
a maximum value owing to extension of the exclusion
region; simultaneoudly, the IR emission signal appears
due to heating of the charge carriers by the field in the
exclusion region (Fig. 3, thetimeinterval t,—t,). Subse-
guently, beginning with acertain threshold illumination
intensity, the current increases steeply; thisis accompa:
nied with a decrease in the near-contact field and a
steep increase in the amplitude of the IR emission sig-
nal (Fig. 3, the time interval being t,—t;) as aresult of
the bipolar-drift direction being reversed (the latter
phenomenon has been described elsewhere [13, 14]).
The aforementioned phenomenon occurs since, for a
high density of electron-hole plasma, the electron
mobility becomes higher than the hole mobility in a
heating electric field as the illumination intensity
increases. As a result, the plasma flux controlled by
bipolar drift, which isrelated to the gradient of theratio
between the electron and hole mobilities, exceeds the
counter plasma flux caused by the drift related to the
carrier-concentration gradient. Electrons and holes
leave thelow-field (“ cold”) accumulation region for the
near-contact region with a higher field. As a result,
although the field strength decreases in the latter
region, the number of free charge carriers increases
drastically, which brings about an abrupt increase in
both the current and the signal of IR emission from the
charge carriersin the exclusion region.

3.3. Formation of a High-Field Autosoliton

Astheillumination intensity increases further (for a
voltage exceeding the threshold value; i.e, for U =
120V), the increase in the current is replaced by a
slight abrupt decrease and oscillations that are accom-
panied with an abrupt increase in the field in the exclu-
sionregion E,_,(t) (Fig. 3, thetimeinterval being t;—t,),
which isdueto the formation of a high-field autosoliton
[9, 10]. If the autosoliton emerges in the near-contact
region to which the photodetector is set at, three por-
tions are observed in the IR(t) curve. The IR-emission
signal first steadily increases owing to exclusion; in the
second portion, a steeper increase in the signal occurs,
which is related to the drift-direction reversal; finally,
the signal increases abruptly owing to intense heating
of charge carriers in the autosoliton region where the
field may be as high as Exs = 1000-5000 V/cm. A glass
filter reduced the IR-emission signal by 30-50%,
which indicated, according to estimations, that the
plasma temperature was no lower than 1000 K. Calcu-
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Fig. 2. Evolution of the contact-exclusion process. the
shapes of the optical | and current J pulses of the signals of
the total IR emission under a voltage of 80V and of local
electric-field strengths at the positively biased contact (Eq4,

El—Z’ and E2_3). Sample 1 with |0_1 = 0.07 mm, |1_2 =
0.07 mm, and |,_3 = 0.06 mm.

lations based on the energy-balance equations for the
electron temperature differing from the hole tempera-
ture [11, 12] and for the fields Exs = 2000-5000 V/cm
yielded electron temperatures close to those mentioned
above, whereas the hole temperatures were found to be
lower by about afactor of 2.

It is noteworthy that the peak related to the emer-
gence of an autosoliton appears in the IR(t) curve
(Fig. 3, see the interval t;—t,) corresponding to the IR
radiation passed through the glass filter (IRy.s) that
transmitted the emission from the hottest charge carri-
ers. Thefirst abrupt | Ry . Signal decrease subsequent to
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Fig. 3. Dynamics of formation of asingle static autosoliton and its shift to a positively biased contact under conditions of increasing
illumination intensity. (8) The shapes of the optical | and current J pulses for voltage U = 150 V. (b) The time dependences of the

total IR emission (A = 1.65-10 um) and the IR emission |

Rylass that passed through a glass filter and originated in the near-contact

region of the sample. (c) The time dependences of the local electric-field strengths in the near-contact regions Eg 4 and Eq_;
sample 1 with Ig_4 = 1,_» = 0.07 mm. (d) The distribution of the electric-field strength over the sample at the consecutive pointsin
time that correspond to the contact exclusion (t,), the direction reversal for the bipolar plasma drift (t3), and the high-field soliton

formation (t4). Sample 1.

the above peak may be attributed, first, to atransition of
hot el ectrons from hot valleyswith small effective mass
to a cold valley with a large effective mass in a high
autosoliton field directed along the [111[laxis. Second,
adecreasein the IRy . Signal may be caused by cooling
of the charge carriersdue to an intense lattice heating in
the autosoliton region, which manifests itself in the
continuing increase in the total IR-emission signal dur-
ing the autosoliton lifetime.

As the illumination intensity decreases during the
optical pulse, autosoliton decay occurs for a certain
value of 1, after which the IR and IRy signal ampli-

tudes decrease abruptly. The IR(t) curve then flattens,
whereupon it descends to zero. The IRy signal both
emerges later than the IR signal does (Fig. 3, a the
point intimet, = 40 ps) and ceases to exist at an earlier
time. A delay of the IR signal in reference to the IRy
signa indicates that the crystal lattice is found to be
appreciably heated in the region of acollapsed autosoli-
ton.

For some of the samplesand for afairly high applied
voltage (U = 220 V), a consecutive emergence of two to
three autosolitons was observed with increasing il lumi-
nation intensity (with increasing density of the elec-
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tron—hole plasma) at a certain distance from the posi-
tively biased contact; these autosolitons were then
shifted to the positively biased contact [in the direction
of the drift of the majority charge carriers (electrons)
duetothereversal in the direction of the bipolar plasma
drift] where the autosolitons came to rest and coal esced
to a single static autosoliton. This process was aso
accompanied by both a dight decrease and oscillations
in the current, and the emergence of both peaksin the
signa of IR emission in the photodetector, which was
set at the sample region |,_5, and the local fields E,_;,
E,» and E,_; (Fig. 4) in the region of formation and
motion of the autosoliton in the vicinity of the contact.
In this situation, the processes consisting in the contact
exclusion and thereversal in the direction of the bipolar
plasma drift, preceding the autosoliton emergence and
occurring in the vicinity of the contact (I,_; and 1,_,),
were not detected by the photodetector because these
processes were out of its“field of view.”

It is worth noting that sample regions making the
most significant contributions to the signal of the total
IR emission are often separated in space, depending on
the electron-hole plasma density and the actual distri-
bution of the field in the sample; the above regions
include (i) the exclusion region with the highest field at
the positively biased contact, (ii) the exclusion region
where the bipolar-drift reversal occurs, and (iii) the
autosoliton formation region. Therefore, the amplitude
of the IR-emission signal corresponding to contribu-
tions made by the aforementioned processes depends
on the sample region at which the photodetector is set.
If the photodetector is set at the autosoliton-formation
region for a sample with the (1110orientation, a step-
like signal of IR emission is observed. If the photode-
tector is set at an area away from the contact and from
the autosoliton-formation region, the IR emission sig-
nal appears abruptly when the autosoliton comesto the
chosen point of the sample. Thus, due to astrong local-
ization of the electric field in the bipolar plasma, the IR
emission from the sample is markedly nonuniform over
its surface and the peak of the IR emission signal shifts
with time. In addition, in contrast to uniform emission
from a hot monopolar plasma in an electric field in
n- and p-Ge [15, 16], we a so observed experimentally
IR emission with shorter wavelengths (A = 2 um) as a
result of higher local electric-field strengthsin the auto-
soliton region.

If arectangular voltage pulse with alarge amplitude
(U = 190-300 V) is applied in the time interval corre-
sponding to the optical-pulse peak (I ~ 1., SeeFig. 5),
the autosoliton is formed from the outset of the voltage
pulse in the exclusion region close to the positively
biased contact. Thisis evidenced by our observation, at
the voltage-pulse onset, of (i) a characteristic narrow
current peak followed by oscillations; (ii) a peak of a
high field E;; ~ 2000 V/cm at the positively biased
contact (as this takes place, the field in the autosoliton
regioniscertain to be higher than thefield E,_; because,
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Fig. 4. The formation dynamics and motion to the positively
biased contact for two autosolitons under conditions of
increasing illumination intensity | and for a high applied
voltage of U = 220 V; the time dependences of thetotal IR
emission, current J, and local fieldsEg 4, E; o, and E,_z are
shown. Sample 2 with Ig 3 = 1,5, =0.02 mm and |, 3 =
0.04 mm.

inthis case, the autosoliton width Lys~0.3mm <y, =
0.7 mm); and (iii) a small-amplitude peak of the IRy
emission that comes from the autosoliton is observed
through aglass plate, isincident in part on the photode-
tector (which, in this experiment, is mainly set at the
l5_, region), and is indicative of a high charge-carrier
temperature (T, ~ 1000 K) in the autosoliton region. In
addition, on the one hand, the autosoliton startsto move
to the negatively biased contact [11, 12] under the
effect of bipolar drift in the sample with the field orien-
tation of E || (1110and leaves the I, region, which
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Fig. 5. Formation and motion of an autosoliton to the nega-
tively biased contact for aconstant illumination intensity (1)
and ahigh applied voltage (U = 200 V). A steplike decay of
signals corresponding to the IR and IRy 555 €mission from

the autosoliton region in the sample after termination of the
voltage pulse and collapse of the autosoliton is shown. Sam-
ple Lwithlg 4 =115 =0.07 mmand I3 4 = 0.05 mm.

results in a decrease in the field Ey ; (Fig. 5). On the
other hand, a high power W = JE = 3000 W/cm is
immediately released in the autosoliton region, which
resultsin arapid Joule heating of the crystal to temper-
atures exceeding 400 K in the vicinity of the autosoli-
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ton. This, in turn, gives rise to a high-rate thermal gen-
eration of nonequilibrium electrons and holes and
results in an additional decrease in the electric field in
the exclusion region |,_; and brings about an increasein
the current (Fig. 5). An abrupt increase in the signals of
emission IR and | Ry« from the autosoliton is observed
when the autosoliton comes to the |5, region at which
the photodetector is set.

After termination of the large-amplitude (U ~
200 V) voltage pul se, we observed atwo-stage decay of
the IR-emission signal and a single-stage decay of the
IRyass SIgnal from the autosoliton region of the illumi-
nated sample (Fig. 5). The first rapid decay of the IR
and IR« Signalsisrelated to the autosoliton decompo-
sition. The duration of subsequent plateaus was about
5-10 ps, and their existence may be caused by an
intense heating of the autosoliton region and by exten-
sion of the emitting hot zone to the entire photodetec-
tor-sensed region where the photogenerated electrons
and holes are scattered. The precise origin of plateaus
in the IR-signal decay curvesisyet to be clarified.
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Abstract—The shape of a photoluminescence band observed due to recombination of free electronsat shallow-
level acceptors (carbon atoms) in semi-insulating undoped GaAs crystals was analyzed at various temperatures
(T=4.8-77 K). It isshown that at low temperatures the shape observed essentially differs from the theoretical
one, while at high temperatures theory and experiment agree closely for radiative transitions of free electrons
to isolated shallow-level acceptors. The difference between the experimental and theoretical shapes of the pho-
toluminescence band is associated with the broadening of carbon-induced acceptor levels(i.e., with the forma
tion of the acceptor impurity band), resulting from the effect of electric fields of randomly distributed ionized
acceptors and donors on “isolated” carbon atoms. Coincidence of the shapes is associated with a considerable
increase in the energy of free carriers (to values up to and above the width of the acceptor impurity band).

© 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It is known that an intense photoluminescence (PL)
band with emission peak position hv, = 1.4935 *
0.0005 eV is observed in GaAs at the temperature of
T =4.2K; thisband is caused by free electron e transi-

tion to shallow-level acceptors, i.e., neutral carbon CXS
atoms (having an ionization energy of €, = 26 meV)
[1-3]. Studying the luminescent characteristics of
semi-insulating undoped galium arsenide crystals
(henceforth, SI GaAs crystals), we have found that the
shape of the low-temperature PL band observed in

them, which appeared due to the transitionse — Cgs

indicated above (henceforth, PL carbon band), cannot
be explained by the theoretical concepts of radiative
transitions of free electrons to isolated shallow-level
acceptor (the photon energy emitted is equal to hv). It
IS necessary to assume for its explanation that the car-
bon atoms in Sl undoped GaAs crystals are not iso-
lated; rather, they interact with each other and with
shallow- and deep-level acceptors. This assumption
will be discussed bel ow.

2. SHAPE OF THE LUMINESCENCE BAND
INDUCED BY THE RADIATIVE
RECOMBINATION OF FREE ELECTRONS
AT SHALLOW-LEVEL ACCEPTORS
IN DIRECT-GAP PHOTOCONDUCTORS
(THEORY)

A further theoretical consideration of the spectral
intensity of emission I(hv) will be carried out for a
typical representative of direct-gap semiconductors—
photoconducting GaAs crystal's, whose conductivity at
low temperatures (T < 200 K) is completely controlled
by photoelectrons (with concentration An), photoholes
(with concentration Ap), and by the band gap E,. These
crystals contain partially compensated deep-level
defects and aso randomly distributed shallow-level
(hydrogen-like) donors and acceptors. Concentrations
of the latter are relatively low (the wave functions both
of electrons localized at donors and of holes localized
at acceptors do not overlap). In athermal equilibrium,
the shallow-level donors are completely filled by holes,
and acceptors, by electrons (the holes at acceptors and
the electrons at donors appear only under illumination).

1063-7826/01/3504-0384%$21.00 © 2001 MAIK “Nauka/Interperiodica’



AN ANALYSIS OF THE SHAPE OF A LUMINESCENCE BAND

2.1. Isolated Acceptors (Model 1)

This situation occurs for low concentrations of
acceptors and donors when each acceptor can be
treated as an isolated atom (neither the acceptor force
fields nor the wave function of holes arelocalized at the
acceptor overlap; the same is true of the donor force
fields) forming a discrete level with ionization energy
€, inthe band gap. Then, the shape of the luminescence
band induced by the recombination of free electrons
(with kinetic energy € = hv — E; + €,) at shallow-level
isolated acceptors is controlled only by their energy
distribution An(g) (obviously, An(g) ~ pJ€)d(€)),
where p(€) ~ €¥? is the density of statesin the conduc-
tion band, and ¢(€) is the probability of their occupa-
tion by electrons, and in the nondegenerate semicon-
ductors (in which ¢4(€) ~ exp(—€/KT)) it is described by
the relation [3-5]

|ea(hv) D An(e) 0 pe(e)de(€) O (v —Eg + &)™

y 0 hv —E gt €[] 1
P O

wherethe energy of photonsemittedishv =€ + E;—¢€,.

Obviousdly, the peak position of the emission band
considered is

hv,, = E;—¢€,+ 0.5KT, (2
and its half-width is
w; 01.8KT. (3)

Asfallowsfrom (1)—(3), the luminescence spectrum
under consideration at T — 0 K consists of a harrow
line with hv,, O E; — €, and, as the temperature
increases, this spectrum broadens and shifts towards
lower or higher energies depending on E, and €, depen-
denceson T.

2.2. Interacting Acceptors (Model 2)

This situation occurs for relatively high concentra-
tions of acceptor and/or donors. Here, the overlap of
electric fields of isolated acceptors and of fields pro-
duced by randomly arranged donors and/or by similar
(or other) acceptors is possible (obvioudly, this results
in the transformation of previously isolated acceptors
(see Subsection 2.1) into interacting acceptors [5-10]).
In addition, this situation occurs when the isolated
acceptorsreside in thefields of internal stresses, which
are produced by chaoticaly distributed point or
extended defectsinthe crystal lattice[5, 6, 11]. Thissit-
uation occurs also if an eectric field is generated by
piezoelectric phonons [11] in a disordered crystal or if
the wave functions of holes localized at isolated accep-
torsoverlap [4, 9, 10].

One should expect that, in photoconductors, the
interaction of isolated acceptors with charged donors
and/or acceptors will be dominant due to the relatively
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high concentrations of compensating impurities in
these materials[9]. It isthiscasethat will be considered
by us below.

Thedisorder in the distribution of ionized impurities
throughout the crystal results in the isolated acceptors
occurring in force fields of different magnitudes. As a
consequence, broadening of levelsformed by acceptors
takes place; i.e., an acceptor impurity band with a half-
width of w;, is formed [7-10]. This band is character-
ized by a spectrum of closely spaced discrete acceptor
levels (the wave functions of holes at these levels
remain localized) with various ionization energies
€41, €a2---€4 aNd densities of states p;(€,) (their density
IS maxi maI (Pn = Prmax) & the energy €, = €,); the prob-
ability of their occupation by holesis Ady(g,), and the
concentration of holes a them is Ap,(e;) =
Pn(EDAP(g,) [7-10]. Obvioudy, in this case, when
calculating the spectral intensity of emission caused by
the transition of free electrons (whose kinetic energy is
€ = hv — E; + g,) to the acceptor impurity band, one
should take into account that disorder in the arrange-
ment of ionized donors and acceptors results in the
appearance of impurity-potential fluctuations (the rms
depth of a potential well isy) [8, 9]. However, in non-
generate compensated semiconductors with a small
effective electron mass (in particular, in the SI GaAs
crystals under consideration), fluctuations of the impu-
rity composition in fact do not distort the conduction
band; i.e., the position of the conduction band bottomis
the same for the entire crystal [4, 8]. Therefore, in this
case, the PL spectrum is governed only by the energy
distribution of free electrons An(g) ~ eV2exp(—/KT) and
holes Apy(€,) localized at the acceptors, since the prob-
ability of the radiative recombination of free electrons
and holes localized at the acceptors is in fact indepen-
dent of their energies [4, 8]. The spectrum shape is
defined by the relation [8]

00

| o(hv) O .[ (hv —E, +&,)"
Ey—hv 4

X eXpD M%h(eal)Aq)h(sal)dsan

where the energy of emitted photonsis given by hv =
e+ Ey—¢&y.

It is obvious that the position of the peak for the PL
band under consideration is hv,,, = hv,,, and its half-
width is w, = w; (undoubtedly, w, O w; + w, if
Adp # f(eq))

We may conclude the following from the analysis of
relation (4).

At low temperatures (T — 0 K), the PL spectrum
shape is controlled only by the energy distribution of
levelsinthe acceptor impurity band p,(€,), since, at the
above temperatures, they are approximately similarly



386

filled with holes, i.e., Ad,, # f(g,) (thistakes placeif the
coefficients of electron and hole capture by the accep-
tors with various ionization energies €, differ only
dlightly or if the coefficients of hole capture by accep-
tors are considerably larger than those for electrons
[8, 12]), and the free e ectrons occupy the states at the con-
duction band bottom (I ,(hv) ~ pr(€x)APH(Ex) ~ Pr(€a)s
where hv = E; — ;). Then, by radiative recombination
of free electrons at the levels of the acceptor impurity
band, we should expect the appearance of abroad lumi-
nescence band with an emission peak at hv,, E;—¢,
and a half-width w;, on the order of the broadening of
ionization energy of acceptor levels. The structure of
this band is caused by the free-electron transitions to
the individual acceptor levels €, (the overall spectrum
represents an integral of individual luminescence lines
caused by transitions € —» ¢); i.e., the low-tempera-
ture values of 1, will represent the distribution of the
density of states in the acceptor impurity band (obvi-
ously, lca(hv) ~ pn(Ea), if Ady # f(€4)).

Asthe temperature increases, one should expect the
following changesin the PL spectrum. First, we should
observe a shift of the peak position (according to the
law hv;, = Ey — &4 + 0.5KT) and a broadening (accord-
ingto thelaw w;; = 1.8KT) of each radiation line, caused
by an increase in the free-electron kinetic energy, i.e.,
by transitions of free electrons of various energiesto a
given acceptor level €. Then, due to features indicated
above, the emission spectrum observed at acertain tem-
perature is the sum of elementary spectra caused by
transitions of free electrons to an individual level ¢
within the impurity band. Second, a shift of the PL
spectrum to lower energies and a decrease in its half-
width occur. The latter effect is associated with the
localized statesin the acceptor band gradual filling with
electrons (obvioudly, the states|ocated near the valence
band top are primarily filled, since, undoubtedly,
APy (s,) ~ exp(e,/KT)); i.e., the hole concentration at
these states decreases steadily (this process results in
the thermal quenching of the PL induced by acceptors
[12]). This effect clearly manifests itself at moderate
temperatures (A¢,, = f(g,) at KT <w;). It dmost disap-
pears at sufficiently high temperatures (KT > w;,)), when
the majority of acceptor states are approximately
equally filled by holes (A, # f(g4))- In particular, as
follows from relation (4), a shift of the radiation peak

caused by this effect is given by Ahv,,, = —w}. /(8In2)KT O
—0.18w} /KT.

2.3. Comparison of Models 1 and 2

As one should expect, these models yield signifi-
cantly differing PL spectra at low temperatures. How-
ever, at reasonably high temperatures (w; [ 1.8KT >
W,), they should result in approximately similar shapes
of the spectra (hv,y = hv,p, and w; = w,).

GLINCHUK et al.

3. THE METHOD OF STUDYING
AND CHARACTERIZING THE SI UNDOPED
GaAs CRYSTALS

Studies were carried out on typical photoconduc-
tors, i.e., Sl undoped GaAs crystals (which had a dark
conductivity 0 — 0 at T < 200 K). The dominant
deep-level impurities in them are antisite defects EL2,
thetotal concentration of whichisNg , = 1.2 x 10 cn?3,
including aconcentration in the positive-charge state of
Ng,, =3 x 10% cm3. The easily ionized shallow-level
acceptors are carbon atoms (their concentration is N [
5 x 10'® cm3); these represent the main compensating
impurity in these crystals. In thermal equilibrium, they
were completely filled with electrons; i.e., they werein
anegatively charged state. The holes at these acceptors
appear only under illumination (the probability of fill-
ing the carbon atomwith aholeisA¢,,). In addition, these
crystals also contain a relatively low concentration Ny
of background shallow-level donors (their concentra-
tionis Ny 002 x 10% cm3). In thermal equilibrium, they
were completely filled with holes; i.e., they werein the
positively charged state. Electrons appear at donors
only under illumination. [Hlumination did not resultin a
noticeable change of ionized acceptor and donor con-
centrations (in particular, Ad,, < 1 for the L used).

The luminescence excited by a strongly absorbed
radiation of a He-Ne laser was studied (the photon
energy was 1.96 eV, and the absorption coefficient was
2.5 x 10*cm™). The PL spectrawere analyzed using an
MDR-23 spectrometer with a resolution no worse than
0.3 meV at temperatures from 4.8 to 77 K and illumi-
nation intensities L from 107 up to 10'° photon/(cm? s).
The luminescence spectra presented below are induced
by transitions of free electrons to the carbon atoms and
are obtained by extracting them from the edge PL spec-
tra[12, 13]. The observed pattern of temperature varia-
tions of the carbon band shape under study (peak posi-
tion hv,, and half-width w) in fact (within the accuracy
of variances in the values of hv, (x0.5 meV) and
w (£0.5 meV)) were independent of L (see below);
therefore, we will present the data obtained for L =
108 photon/(cnm? s). Gallium arsenide was nondegen-
erate for the values of L and T used in this study; i.e.,
we can use relations (1)—4) given above to explain the
shape of the PL carbon band observed in GaAs as well
as the dependences of its peak position and half-width
on temperature and excitation intensity.

The luminescence-band intensity |, (obvioudly,
lca ~ ANNCAG,; experimentally, we have |, ~Ap ~ L at
low T and I, ~ AnAp ~ L2 at high T [12]) varied with
temperature according to the law (Fig. 1)

2
I = aL , (5)
bL + Q, exp(—€,/kT)

wherea# f(T, L), b=10° s/cm, L = 10% photon/(cm? s),
Q. (Q, ~ T°?) is the effective density of states in the
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valence band, and €, = 26 meV (factor L? for the coef-
ficient a is written on the basis of the dependences I,
on L observed at low and high T).

The changesin I, = f(1/T) were mainly associated
with corresponding changes in the probability of the
occupation of carbon atoms by holes (I, ~ Ad,,, since
An £ £(T)), i.e., with the thermally stimulated lowering
of the carbon acceptor level occupancy by holes. It fol-
lowsfrom thisthat, in the crystals studied, the probabil -
ity of the occupation of carbon atoms by holes is
defined by therelation (Fig. 1)

Ady, _ bL ()
A$n(0)  bL+Q.exp(—€,/KT)’

where A¢,(0) is the value of A, a&a T — 0 K
(Ad(0) < 1, see above), b = 10 s/cm, L = 10* pho-
ton/(cm?s), and £, = 26 meV. We notethat A, # f(L, T)
at low temperatures (Q, exp(—€,/KT) < bL) and aimost
exponentially (according to the law A¢, -~

LT%2exp(26 meV/KT)) decreases at high temperatures
(Q.exp(—€/KT) < bL).

4. BAND SHAPE OF LUMINESCENCE INDUCED
BY RADIATIVE RECOMBINATION OF FREE
ELECTRONSAT SHALLOW-LEVEL ACCEPTORS
(CARBON ATOMS) IN SI UNDOPED GaAs
CRYSTALS (EXPERIMENT)

4.1. Results

The PL spectra measured at various temperaturesin
S| GaAs crystals are shown in Fig. 2; these spectra are
induced by free electron transitions at the carbon atoms
occupied by holes. As can be seen, at alow temperature
(T = 4.8 K), the PL spectrum can be approximately
described by a Gaussian curve with the emission peak
position hv,, = 1.493 eV and a half-width w = 3.4 meV:

loa(hv) = Ica(hvm)exp[—(4ln2)W}. @
W

As the temperature increases, the PL spectrum
shape changes, and a nonmonotonic shift of the radia-
tion peak position (first, to higher and then to lower
energies), as well as a nonmonotonic increase of its
half-width, are observed.

The above inference follows also from temperature
dependences of the peak position and PL carbon band
half-width studied (see Fig. 3).

The haf-width and the position of the peak for the
luminescence carbon band in relation to the excitation
intensity are given in Fig. 4 at low and high tempera-
tures (in theregions of |, # f(1/T) and |, = f(UT), see
Fig. 3). Ascan be seen, the values of hv,,and w (aswell
as the shape of the PL band itself) are in fact indepen-
dent of L.
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Fig. 1. (1) Intensity dependence of the PL band induced by
recombination of free electrons at the carbon atoms and
(2) the relative probability of them being filled by holes on
temperature in Sl undoped GaAs crystals. Points are for the
experiment, solid lines are theoretical curves I, = f(UT)

and Ad/Ady(0) = f(1/T) plotted according to relations (5)

and (6), respectively (for parameters of the curves, see the
text).

The data obtained by us and aso by other authors
[1, 3, 13] on the dependences of low-temperature (T =
1.8-4.8K) vaues of hv,,and w for the luminescent car-
bon band as functions of the carbon atom concentration
Nc and shallow-level background donors N, are shown
inFig. 5.1 Ascan be seen, hv,, isindependent of N and
Ng, and the larger N and N are, the larger wiis.

4.2. Discussion of the Results

4.2.1. Analysisaccor dingtomodel 1. The PL spec-
tra calculated according to relation (1) for various tem-
peratures are shown in Fig. 2; these spectra are related
to the radiative recombination of free electrons at iso-
lated carbon atoms (when calculating the theoretical
dependences, the values of E, = f(T) were determined
from the datareported in[14]). As can be seen, adiffer-
ence between experimental and theoretical shapes of

PL spectra caused by electronic transitions e — Cgs

isobserved. Thisdifferenceisconsiderably large at low
temperatures (T < 25 K). However, at a high tempera-
ture (T = 35 K), this difference is much less.
Theoretical (calculated according to relations (2)
and (3)) dependencesof hv,,and wfor transitionse —

C,(is on temperature are shownin Fig. 3. Ascan be seen,

in an entire temperature range, satisfactory agreement
between experimental and theoretical dependences for

Lin Ref. [3], the values w at 7 K (w 1.2 meV 02KT) and 10 K
(wO1.6 meV 02KT) are reported. Their values are close to those
theoretically predicted. Therefore, the values of w extrapolated to
48K (w[0.8 meV 01.8KT) are shownin Fig. 5.
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I, arb. units

1 1 ]
1.50 1.51 1.49 1.50 1.51

hv, eV

Fig. 2. PL bands appearing due to free-electron transitions
to the neutral carbon atoms at various temperatures in S|
undoped GaAs crystals. Circles 1 correspond to the experi-
ment, 2 isaGaussian curve plotted according to relation (7),
and 3 and 4 are theoretical curves calculated according to
relations (1) and (4), respectively (for parameters of the
curves, see the text).

hv,,, = f(T) is observed. At the same time, the shape of
dependences w = f(T) differs from the theoretical ones
and is close to those occurring at high temperatures.

Experimental dependences of hv,, and w on L (see
Fig. 4) are basically consistent with the theoretical ones
(seerelations (2) and (3)).

The expected theoretical dependences (based on the
simplest model 1) of hv,,and w for the PL band studied
on the carbon concentration and background donors are
shown in Fig. 5. As can be seen, the values of hv,,, are
close to the theoretical ones (see relation (2)) in the
range of values N and Ny. However, the values of w are
close to theoretical (defined by reation (3)) only in
weakly doped crystals (Fig. 5). In highly doped S|
GaAs crystals (N¢ and Ny 00 10'5-10% cm3), the mag-
nitudes of w are considerably larger (Fig. 5).

4.2.2. Analysis according to model 2. It can be
seen from the data given above, theoretical model 1
cannot explain the PL spectrum shapein SI GaAs crys-
tals at low temperatures; for this spectrum caused by
radiative recombination of free electrons on carbon
atoms, a considerable difference between experimental
and theoretical PL spectra, in particular, its significant

GLINCHUK et al.

hv,,, eV
1.496

1.492+ ]

1.488

1
0 20 40 60 80
T,K

Fig. 3. Temperature dependences of hv,,, and w for the PL

carbon band in S| undoped GaAs crystals. Points corre-
spond to the experiment, solid and dashed lines 1, 1', 2, and
2' represent theoretical dependences of hv,(T) and w(T)

plotted according to relations (2), (4), (3), and (4), respec-
tively (for parameters of the curves, see the text).

broadening is observed. Only at moderate and high
temperatures, does the PL spectrum shape observed
experimentally satisfactorily agree with the theoretical
one (as the temperature increases, the shape of the PL
band considered approaches that expected theoreti-
caly). Inrelation to the aforesaid, one should carry out
an analysis according to theoretical model 2.

Obviously, in order to explain the experimental data
(in particular, a significant broadening of PL carbon
spectraat low temperatures), we should assume that the
carbon atoms are not isolated in the SI GaAs crystals
under study. Then, a probable explanation of the PL
carbon band broadening at |ow temperatures, aswell as
of its shape variation with temperature (this mechanism
is confirmed by dependence w = f(N¢, Ny), is observed
experimentally, i.e., by a significant broadening of the
PL band under study in the SI GaAs crystals, see
Fig. 5).

Due to arelatively high mean concentration of car-
bon atoms and significant concentrations of easily ion-
ized and deep-level donors in Sl undoped GaAs crys-
tals, a structural disorder is quite probable in the form
of significant fluctuations of concentrations of nega-

tively charged acceptors N and positively charged

shallow-level N and deep-level Ng,, donors, which

gives rise to the accumulation of randomly arranged
and closely spaced charged acceptors and donors. This
resultsin asignificant forceinteraction of carbon atoms
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with each other and with shalow- and deep-level
donors; i.e., impurity potential fluctuations appear
(asfollows from the value w;, given below, the rms
depth of the potential well isy 1.5 meV). The conse-
guence of the effect of electric-field fluctuations on the
neutral carbon atoms (these are the atoms, at which the
radiative recombination of free electronstakes place) is
the appearance of awide range of ionization energies of
carbon atoms ¢, (a significant concentration-related
broadening of the energy spectrum of the levels pro-
duced by atoms, i.e., the formatlon of the acceptor
impurity band) (see Subsection 2. 2).2 It is very likely
that the filling of any levels in this band, as follows
from the dependence A, = f(L/T) observed experimen-
tally, is defined by the relation

Ady(ey) _ bL ©)
AGL(0,e4)  bL+Q.exp(—€4/KT)’

where Ad(0, €;) isthevalue of Ad(e,;) a T — 0K
(A9 (0, &) < 1, see above); obvioudly, Ay, # f(gy) at
low temperatures (Q.exp(—,/KT) < bL) and decreases
exponentially according to the law Adn(c,)
exp(e,4/KT) at high temperatures (Q,exp(—€,/KT) < bL).

The density of acceptor levelsin the impurity band
of Sl GaAs crystals, as follows from what was consid-
ered in Subsection 2.2 and from the shape (see relation
(7)) of low-temperature PL spectrum observed (for
Ay, # f(gy), see relation (8)), is described by the fol-
lowing Gaussian curve:

( i a)
Ph = Phma€XP| ~(4IN2)——— ©)
h h |: V\/ﬁ :|

Here, £, = 26 meV and w;, = 3.4 meV is the half-width
of the spectrum of the density of statesin the impurity
acceptor band (undoubtedly, w;, = (8In2)Y?y, see [8]).

The above naturally corresponds to a significant
increase in the half-width of the luminescence band

induced by transitionse — Cgs ;i.e, wturnsout to be

of the order of the spreading of the carbon-atomioniza-
tion energies €, max — Eamin 14 MeV (see Subsection 2.2).

Undoubtedly, atemperature broadening of the lumi-
nescence band considered is associated mainly with the
corresponding transformations of the electron energy
distribution in the conduction band (electrons occupy
higher energy states the higher the temperatureis). The
broadening itself is somewhat |ess than expected, since

2 Concentrations of charged acceptors and donors are approxi-
mately equal (obviously, N O N; + NELZ) in the crystals

under study. Consequently, an acceptor resides near each of the
donors. However, due to their random arrangement, the distance
between them (i.e., the force fields produced by them) substan-
tially differs at various points of the crystal. Then, the broadening
of carbon levels is associated with the fact that the latter are in
forcefields of various magnitudes.
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Fig. 4. Dependences of hv, (1, 1') and w (2, 2') for the PL

carbon band on the excitation intensity at T = (1, 2) 4.8 and
(1, 2) 77 K.
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Fig. 5. Peak position and half-width of the PL band induced
by carbonin Sl undoped GaAs crystal swith various concen-
trations of acceptors (carbon atoms) and donors at T =
(3)1.8, (1) 42, and (2, 4) 48 K. Ny O 10N (1, 2);
Ng + N2 O3Ne (3, 4). 1, 2, and 3 correspond to the data
reportedin[1], [3], and [13], respectively; points4 represent
the data of this study. Dashed lines 5 and 6 are theoretical
curves plotted according to relations (2) and (3), respec-
tively (for parameters of the curves, see the text).

simultaneously with the temperature increase (at not
very high temperatures), arelatively small narrowing of
the PL spectrum occurs owing to areduction in filling
the shallowest states by holes in the acceptor impurity
band (see Subsection 2.2).2 Obviously, at high temper-
atures (T > w;/1.8k), the emission spectrum broadening
can far exceed theinitial (observed at low T) half-width
of the luminescence carbon band (w; 0 1.8KT > w;).
Therefore, at high temperatures (T = 35 K), the shape of

3 As can be seen from relation (8), an increase in L widens the
domain of Ay, independence on T. An evident consequence of
this fact is the shift of the onset of the PL spectrum narrowing to
higher temperatures.
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the carbon spectrum will be amost completely caused by
the temperature broadening (W, Ow; > w;, (Figs. 2, 3)).

One should also expect the coincidence of experi-

mental and theoretical (for transitions e —= C3,)
dependences hv,, = f(T). This is associated with the
peak of the density of states in the acceptor impurity
band being at the energy of € (¢, [4, 8]. Therefore, the
position of the PL carbon-band peak is defined by a
relation similar to (2) irrespective of whether the radia-
tioniscaused by theisolated or interacting (resulting in
the impurity band formation) carbon atoms.

The aforementioned independence of the PL spec-
trum shape (hv,, and w values) of L, i.e, of Ap (in
experiments, Ap ~ L), is associated with thefact that, in
the crystals studied, filling of the electronic statesin the
impurity band is completely independent of L at low
temperatures (Ad,, # f(T)), and at high temperatures
(A, = £(T)) varies similarly with L (see relation (8)).*

The explanations presented are confirmed by the
comparison of measured and theoretica (plotted
according to relation (4) using numerical simulations)
PL carbon spectrum shapes at various temperatures.
This comparison is illustrated in Figs. 4 and 5 (when
calculating theoretical curves, the values of Ad,, and p;,
were determined from relations (8) and (9), where L =
10%8 photon/(cm? s)). As can be seen, a quditative
agreement of the experimental and theoretical (accord-
ing to model 2) shapes of the PL carbon band under
consideration and temperature changes of its peak posi-
tion and haf-width were observed. A comparatively
dlight difference between experimental and theoretical
shapes of the PL spectrum isassociated mainly with the
employment of a rather crude theoretical model for
describing the radiative transitions of free electrons to
the holes in the acceptor impurity band. In particular,
we neglected the distortion of conduction and valence
band edges by the fluctuating impurity potential aswell
asignoring a possible dependence of the probability of
free-electron transition to the split carbon levels on g,
€4, €tc. [8, 15, 16].

CONCLUSION

The substantial difference between the shape of the
PL band observed in SI undoped GaAs crystals at low
temperatures and induced by free-electron transitions
to the acceptor levelsintroduced by carbon and the the-

4 One should note that if, with an increase in L, i.e., in Ap, a tem-
perature domain of values A¢y, = f(T) transforms into the domain
Ady, # f(T) (see relation (8)), the increase in Ap will result in the

shift of hv,,, by the value Ahv, D—O.lSwﬁ /KT (see above).

GLINCHUK et al.

oretically expected shapeisassociated with the concen-
tration broadening of these levels, and the coincidence
of these shapes at high temperatures is related to an
increase in the mean energy of free electrons. A theo-
retical model proposed for radiative transitions of free
electrons to the carbon impurity band satisfactorily
explains the temperature variations of the shape of the
PL band under consideration, in particular, variations
of its peak position and its half-width. The above is
important for understanding the physics of electronic
processes in intermetal lic semiconductors.
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Abstract—It is shown that the low-frequency dielectric response of Cd, _,Zn,Te crystals grown from the melt
is controlled by macroscopic growth defects and their elastic and electric fields. An interconsi stent realignment
of these fields under the action of external forces changes the dielectric response, which reflects features of the
large-scale potential -relief distortions. © 2001 MAIK “ Nauka/Interperiodica” .

An appropriate combination of good transport prop-
erties of nonequilibrium charge carriers and high resis-
tivity of Cd,_,ZnTe (CZT) crystals places them
among the most promising materials for detecting ion-
izing radiation at room temperature. However, CZT
crystals, being intermediate between semiconductors
and insulators, are characterized by avariety of growth
defects due to substantially nonequilibrium growth
conditions. Therefore, the study and quality control of
these crystals should be carried out by methods conven-
tiona for both semiconductors [1] and insulators [2].
This study is aimed at revealing the CZT dielectric
response features caused by the interaction between
elastic and electric fieldsinduced by avariety of growth
defectsin piezoelectric crystals.

We studied Cd, _,Zn,Te (x=0.1-0.2) crystalsgrown
by vertical crystallization from the melt under inert gas
pressure. The above composition rangeis characterized
by an optimum combination of high resistivity and
transport properties of nonequilibrium carriers, neces-
sary for radiation detection. Diverse growth defects
induce amicrorelief at the surface of achemically pol-
ished crystal, visualized by the shadow method. Resid-
ual stresses of growth defects in the samples studied
were revedled by examining the photoelasticity.
Indium—gallium or gold contacts were formed at oppo-
sitefacesof samplesof 11x 11 x2mmand5x5x2mm
in size. The sample dielectric parameters €' and €" were
measured by the capacitance technique in the range of
10%-107 Hz. To study the temperature dependences of
therea €' and imaginary £" parts of the complex dielec-
tric constant £*, we mounted the samples in a thermo-
stat whose temperature varied from 290 to 440 K with
aconstant rate of 0.5 K/min.

Photoelasticity and “dark” studies showed that most
of the samples are characterized by a complex nonuni-
form distribution of growth defects over the crystal.
Block boundaries, inclusions, as well as separate twin
and dlip bands were observed in these samples. Such

defects induce large-scale elastic and electric fields in
piezoelectric crystals.

A relaxation-type dispersion region was revealed in
the frequency dependences €'(w) and €"(w) measured
when samples were irradiated with photons within the
photosensitivity range. An analysis of these depen-
dences in the complex plane (using the Cole—Cole dia-
grams) showed that this region had a continuous distri-
bution of relaxation times, characterized by a shorten-
ing of the most probable relaxation time as
photoexcitation intensity increases. In this case, the
value of variance and the most probable relaxation time
are characteristic parameters of the sample. Similar
dependences were observed by us previously in
ZnS, _,Se, crystals. As was shown in [3], these depen-
dences reflect the features of the large-scale potential
relief (LPR). We note that the frequency dependences
of €' and " are independent of wavelength, while their
spectral dependences are similar at low-intensity exci-
tations.

The relaxation property of the CZT dielectric
response during photoexcitation manifestsitself in dif-
ferent spectral dependences of the low-frequency
dielectric constant €'(A) and the dielectric loss factor
€"(A). These dependences plotted as diagrams in the
complex plane e* (A) allow the effect of elastic fields of
growth defects on the photodielectric response to be
assessed [4]. For example, the diagrams €*(A\) of CZT
samples with various densities of growth defects basi-
caly differ. The most optically uniform samples are
characterized by rectilinear-segment diagrams €*(A)
(see Fig. 1, curve 1) differing only in their slopes. The
diagrams €*(A) of the samples containing individual
growth defects consist of arc-shaped portions of vari-
ous curvatures (Fig. 1, curve 2). It was established that
the number of arcs, their distinctness, and the diagram
area correlate clearly with the density of two-dimen-
sional structural growth defects causing residua
stresses of the second kind. We note that the diagrams
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Fig. 2. The Cole-Cole diagrams €*(T) (curves 1, 7; dashed
lines) and €*(A) (curves 2-6) for Cd, _,Zn,Te samples at

f = 10% Hz; wavel engths A and temperatures T correspond to
various symbols asisindicated in the figure.

€*(A) are specific for each crystal. The diagrams €*(A)
of CZT crystals with an increased density of growth
defects point to complex relaxation processes during
photoexcitation. First, these diagrams exhibit regions
where de"/de' < 0 (see Fig. 1, curves 3-5). Second, the
value of €" near the inherent maximum is smaller than
the “dark” level of €" in the samples experiencing sig-
nificant dielectric losses when in the dark (Fig. 1,
curves 4, 5). Furthermore, the value of €" under illumi-
nation is smaller than the starting one for some unillu-
minated samples in the entire photosensitivity range;
i.e., hegative photodielectric losses are observed
(Fig. 1, curve5).

KLIMENKO et al.

Such a photodielectric response property is obvi-
ously related to modification of the LPR when filled by
nonequilibrium carriers. This processis controlled by

(i) the potentia-fluctuation amplitude and scale
controlled by the type and density of growth defects,

(ii) the correlation between elastic and electric fields
induced by growth defects, and

(iii) acrystal electric state that varies as the nonequi-
librium carrier concentration increases.

It is evident that the type and density of dominant
growth defects have a significant effect on the counter-
action of the éastic and electric subsystems in such a
piezoelectric crystal to the extent of changing its state
(according to apiezoel ectric analogue of the Lenz law).
Hence, features of the low-frequency dielectric
response are closely related to internal fields, whichin
turn have asubstantial impact on the transport, accumu-
lation, and recombination of nonequilibrium charge
carriers. In our opinion, features of the dielectric
response reflect the growth conditions, adaptation to
which just causes interrelation between superimposed
fields of growth defects.

Therefore, a change in the €" increment sign under
illumination, observed in some crystals, is obviously
explained by relating their dielectric response to two
competing processes during photoexcitation. One pro-
cess can smoothly transform into another as the inter-
nal-field screening by nonequilibrium carriers becomes
more pronounced and the boundary conditions in the
crystal are changed. Therefore, it may be expected that
the dielectric response should aso be similar as the
temperature increases when the level of residual
stresses lowers and the internal-field screening
becomes more pronounced. Initially, the crystal dielec-
tric losses grow nonlinearly on heating and, when a cer-
tain temperature specific to each sample is attained, €"
startsto decrease; i.e., the dependence £"(T) has a max-
imum. We note that the steepest increase in €' is
observed in the vicinity of the pesk. It is remarkable
that the dependences €'(T) and €"(T) measured after
heating the sample somewhat differ from those mea-
sured after cooling, which indicates that the dielectric
response depends on the thermal history. The heating—
cooling diagrams £* (T) based on the dependences €'(T)
and £"(T) for the most inhomogeneous samples exhibit
arc-shaped portions with (de"/de") < 0 and > 0 (Fig. 2,
curve 1) which, by analogy with arc-shaped portions of
diagrams €*(A), are indicative of the relaxation prop-
erty of the dielectric response. We also note that the
temperature increase for samples whose dielectric loss
under illumination islower than that in the dark for the
entire photosensitivity range also decreases €". This
gives grounds to argue that the starting values of €' and
€" measured at a dispersion-range frequency integrally
reflect acrystal-growth thermoel astic history leading to
the LPR.

Variationsin the diagramse* (A\) obtained on heating
the samples are regular (see Fig. 2, curves 2-6). This
SEMICONDUCTORS  Vol. 35
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manifests itself in changes in the €' and €" increments
under illumination, in the behavior of the latter incre-
ment, and in the curvature and length of arc-shaped
segments. For example, at a sample temperature
exceeding the value corresponding to the maximum of
€"(T), illumination reduces the dielectric loss factor in
the entire photosensitivity range. As was shown above,
such photodiel ectric response behavior was observed in
some samples at room temperature. It is remarkable
that, if starting dielectric parameters are increased by
illumination, the diagram €*(T) contains a portion of
dielectric constant decrease, smoothly transforming
into a portion of dielectric loss decrease (see curve 7).
These data confirm the dominant effect of elastic fields
of growth defects on LPR formation. Therefore, distri-
butions of elastic and electric fields in the crystal are
similar. Thisisalso confirmed by the fact that the effect
of background illumination on the diagrams €*(A) is
similar to the effect of sample heating. The background
illumination augments the starting values of €' and €"
and affects significantly the €*(A\) portions near photo-
sensitivity-range edges. Furthermore, as the illumina-
tion intensity increases, the value of €" may become
smaller than the starting one within the entire photosen-
sitivity range.

The fact that the relaxation property of the photodi-
electric response of some CZT crystals can be substan-
tially changed by additional background illumination
or by temperature variation indicates that electric and
elastic fields of some growth defects are self-consis-
tently realigned. This affects the distribution of relax-
ation times, which manifests itself in changes in arc-
shaped portions of the diagrams €*(A\). It may be
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assumed that the dielectric loss decrease under illumi-
nation near the inherent maximum, observed in some
crystals, is caused by the growth of individual barriers
during the LPR rearrangement. These barriers hinder
the through-current flows and simultaneously promote
polarization. Thisis confirmed by studies on the photo-
dielectric response of optically uniform samples with
blocking contacts. The constructed diagram €*(A) is
similar to curve 1in Fig. 2.

Thus, individual features inherent in the dielectric
response of some CZT crystals are closely related to a
diversity of macroscopic growth defects and their elas-
tic and electric fields. The interconsistent realignment
of thesefields caused by an external impact changesthe
dielectric response feature and affects the transport
properties of these crystals.
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Abstract—Experimental data on electron and hole mobility in three silicon carbide polytypes, 4H-SiC,
6H-SIC, and 3C-SiC, are analyzed. A semiempirical model is proposed for describing the dependence of the
majority carrier mobility on temperature and doping level. The model describes well the accumulated body of
experimental data and can be applied to model characteristics of multilayer silicon carbide structures. © 2001

MAIK “ Nauka/Interperiodica” .

1. Silicon carbide (SiC) isone of the most promising
materials for modern power electronics[1]. It has been
used to create high-power rectifier diodes[2, 3], photo-
[4] and Schottky diodes[5], and varioustypes of thyris-
tors[6, 7] and transistors[8, 9]. Further progressin the
development and optimization of SiC devicesisimpos-
sible without the numerical modeling of its structural
characteristics[10, 11]. The experience of awide appli-
cation of numerical methods to calculate silicon struc-
tural characteristics indicates that the effectiveness of
modeling is, to a significant extent, determined by the
adequacy of the approximations used to describe the
main electrical parameters of a material. For silicon,
such approximations have been proposed and are well
known [12]. However, for SiC we have the opposite Sit-
uation, in particular, for such animportant parameter of
the material as carrier mobility. Experimental data on
the dependence of mobility on temperature and doping
level have been reported [13—22] for various SiC poly-
types. However, no attempts have been made yet to ana-
lyze the accumulated data from a common standpoint.
Therefore, the aim of this study was to derive relations
and select parameters allowing a unified description of
how the mobility depends on temperature and doping
level in silicon carbide.

2. Experimental data characterizing the dependence
of the mobility of magjority carriers on theimpurity con-
centration at T = 300 K are well described for practi-
cally all semiconductor materials studied by the known
relation proposed in [23]

max min
min Hi i

Hi = M " (1)
1+ 0ONE"
N -
where i = n, p; the parameters p™, p™", Nig and y;

depend on the type of semiconductor material; and Nis
the dopant concentration.

Our anaysis of the experimental data reported in
[13, 14, 16, 20] showed that silicon carbideis no excep-
tion to thisrule. It was found that in the three most fre-
quently used silicon carbide polytypes 4H-SIC,
6H-SIC, and 3C-SiC, the parameters ™, 1™, N
and y; have the valueslisted in the table.

igs

Figures1 and 2 present experimental Hall mobilities
of electrons and holesin 4H-SiC and 6H-SiC as afunc-
tion of the doping level [16] and Hall mobilities calcu-

Table
carriers | POVYPe cm?Vistiem?vist N» G} ¥
4H-SIC 880 30 2 x10Y | 0.67
Electrons| 6H-SiC 400 25 10 |08
3C-SC 800 25 3x 10 |0.87
Holes 4H-SIC 117 33 10 |05
6H-SIC 95 25 5x 10| 0.4
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lated using formula (1) from data on the Hall factor [20]
and the calculation parameters listed in the table.

The temperature dependence of mobility can be
introduced into the model under consideration for the
following reasons. At low doping level and sufficiently
high temperature, scattering by phonons is the main
mechanism of carrier scattering. Inrelation (1), wetake

W= 2
Writing down the temperature dependence of mobility
in the form
T
H(T) = UL(TO)D? '
we have from (2)

T = W TOES ©

where T, = 300 K.

The contribution from carrier scattering by charged
impurities can be obtained by subtracting from (1) the
contribution associated with scattering by phonons, in
accordance with Matthiessen's rule:

ON !
max ulmax L [Niglj
Hii = Hi — — -1 (4)
i _U| DEEYI
CN. O

ig
From (2) and (4), it readily follows that

min

u'l _l"ll DN |jl l'liL (5)
1+ DN EYEng 1+ﬁ
|:ng HiL

Substituting (5) into (1) and taking into account
that [12]

W™ = w T EH

and

e
0

—D||_|

w(T) = P—|(To)
we bring relation (1) to the form

B(N)H

N, T) = uP™(To) —.  (©

1+Bi(N)
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Fig. 1. Hall mobility of electrons vs. doping level a T =
300 K. (1) Experimental data for 4H-SIC from [16] and
(2) the same for 6H-SiC; solid lines represent calculation
by formula (1) with account of the data on the Hall factor
from [20].
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Fig. 2. Hall mobility of holesvs. doping level at T =300 K.
Experimental data (1, 2) and solid lines are the same as in
Fig. 1.

where
Dﬂﬂi}
B(N) = | B E[“EN‘QD 1 0
| W™ —-p™0  gNQ'
igD T=T,
and T, = 300 K.

3. Relations (6) and (7) correctly describe the tem-

perature dependence of mobility in the limits of light
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Fig. 3. Hall mobility of electrons vs. temperature. Donor
concentration Ng: (1) 5 x 101 and (2) 4 x 106 cm™3; solid
lines—calculation by formulas (6) and (7) with account of
the data on the Hall factor from [20].

and heavy doping in aqualitative sense. At afixed dop-
ing level, relation (6) describes the experimentaly
observed nonmonotonic temperature dependence of
mobility, with the dependence of the extremum point
T =T,,a whichdu/dT = 0 onthe doping level, and with
other parameters represented as

1

Comparison of relations (6)—(8) with the available
published data provides the opportunity to determine
the effective values of the parameters appearing in
these formulas. Figure 3 presents temperature depen-
dences of the Hall mobility of electronsin the 4H-SiC
samples[15, 16]. The slope of the experimental curves
at high temperatures (T = 500 K) givesa, = 2.6 for elec-
trons. Thevalue T,,,, = 50K for curve 1 in Fig. 1, corre-
sponding to a donor concentration N = Ny = 5 %
10* cm2 according to a calculation by formula (1),
gives 3, = 0.5. The results obtained in calculating the
dependence p,(T) in a wide temperature range for two
doping levels by means of relations (1) and (6) are rep-
resented in Fig. 3 by solid lines.

Using the experimental data on the 6H-SiC polytype
reported in [16-19, 22], we obtain the effective values
of the parameters for 6H-SIC: a, = 2.1, 3, = 0.7, and
a, = 20.

Processing data for the 3C-SiC polytype [13, 14],
we get the values a, = 2.5, 3, = 0.3, and a, = 2.2 for
3C-SiC.

MNATSAKANOV et al.

4. Thevalues of the parameters a; and 3; differ from
those calculated theoretically in terms of the simple
band structure of the semiconductor in [24]. However,
the same pattern is observed in other semiconducting
materials, e.g., ingermanium (a, = 1.66, a, = 2.33), sil-
icon (0, = 2.42, a, = 2.2), and gallium arsenide (o, =
10,0,=21).

Among the reasons for this discrepancy can be
named, first, a contribution from other scattering mech-
anismswhich may vary widely between different mate-
rials and, second, the difference of the real band struc-
ture of the semiconductor from the simple band struc-
ture used in [24]. Revedling these reasons in any
particular material requires additional, possibly pro-
longed, consideration. Under these conditions, the pro-
posed relations (1) and (6)—«(8) may be helpful in
describing and modeling characteristics of multilayer
structures based on silicon carbide.
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Abstract—A model for describing polarization and relaxation of ligand ions around impurity defectsin crys-
tals is proposed and tested. This approach is based on the introduction of effective electric dipole moments,
which are considered to be fundamental parameters of crystals and are determined from experimental data on
the energy-level structure of an impurity ion. Calculations performed for rare-earth ions show that their energy
spectra depend strongly on the effective electric dipole moments of host-crystal ions surrounding the impurity
ions. Parameters of the theory are found. The results of the calculations are consistent with the available exper-
imental data. The possibility of using the considered approach in studies of impurity defectsin various crystals
(semiconductors and insulators) is discussed. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION: FORMULATION
OF THE PROBLEM

1.1. The calculation of energy-level structures of
impurity ionsin crystals and of the rates of transitions
between ion levels is one of the maor problemsin the
theoretical studies of defects[1], whichisrelated to the
strong influence of impurity ions on physical properties
of materials and, consequently, their widespread practi-
cal use. Impurity ions are also of theoretical interest as
model systems for describing complex many-electron
structures of defects in solids. Among impurity ions,
rare-earth (RE) ions stand out owing to their specific
properties [2—4]. These ions are used mainly due to
their optical properties (for example, see [5]). Of RE
ions, ions with a small number of electrons (holes) in
the f shell hold a particular position of importance.
Although these ions are also many-electron systems
with complex energy-level structures, they are easier to
describe. Therefore, these ions can serve as model sys-
tems when studying the influence of the crystal envi-
ronment on RE ions. Pr3*, having two electrons in the
f shell, isamong such ions. In this study, we considered
precisely the Pré* ion.

Various methods are used to calculate the energy-
level structures of impurity ions [6, 7]: the linear com-
bination of atomic orbitals (molecular orbitals); the
crystal-field theory, the X—o method of scattered
waves, various semiempirical techniques, and other
approaches that are combinations or modifications of
the above-listed methods. As yet, a good agreement
between theory and experiment has seldom been

T Deceased.

achieved, because the problem is complex and labori-
ous (due to the consideration of many-atom, many-
electron, and many-level systems; the relaxation and
polarization of atoms near a defect; and the presence of
various compensators and complexes), and numerous
approximations are used even in calculations from first
principles. Therefore, simpler methods that require a
minimum number of theoretical parameters and, at the
same time, describe adequately major types of interac-
tions in the structure of defects in crystals deserve
attention. One such approach used in this study was
proposed and tested by Klimov et al. [8, 9] and Chu-
machkovaet al. [10]. In particular, they demonstrated the
possibility of describing the energy-level structure of an
impurity ion with a certain eectronic configuration
within arather simple wave-function approximation.

1.2. When a foreign atom is incorporated into a
crystal, alocal distortion (relaxation) of thelattice takes
place, which results in | attice expansion (compression)
near the defect as well asin the polarization of ligands
surrounding the impurity ion, which givesrise to elec-
tric dipole moments on the ligands. To describe ade-
quately local physical properties, one should take into
account these effects. In connection with this, anumber
of publications were devoted to studying this problem
and, in particular, to determining new equilibrium posi-
tions as well asthe character and degree of polarization
of ions around adefect by minimizing the crystal bond-
ing energy. Mixed alkali-halide crystals [11], alkaline-
earth oxides[12] and halides[13-16], and semiconduc-
tors [17, 18] were considered; various impurity ions,
including RE ions, were examined. At the sametime, a
number of authors (e.g., [13]) point to a discrepancy
between estimates of ion displacements obtained by
different researchers for the same materials. Moreover,
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there is a disagreement not only between guantitative
results but also between qualitative data (on the direc-
tion of the displacement of ligands surrounding an
impurity ion). All these factors underline the complex-
ity of the problem.

1.3. In this context, as an alternative to direct calcu-
lations, it seems profitable to consider an inverse prob-
lem of some kind, i.e., to study the dependence of the
energy-level structure of an impurity ion on the preset
mutual arrangement of lattice ions and the character
and degree of their polarization and then to find param-
eters corresponding to these effects from a comparison
between theoretical and experimental data. These
parameters should be considered as fundamental char-
acteristics of a given crystal. It is important to set the
aforementioned parameters and determine energy
terms dependent on these parameters in the framework
of the same concept. In this study, we attempted such a
consideration. We found that, within a certain approxi-
mation, the terms related to displacements and polar-
izations of ions can be combined by introducing an
effective electric dipole moment as a parameter. This
allowed us to halve the number of parameters of the
theory.

2. SUBJECTS OF INVESTIGATION

2.1. Pr3* was chosen as an impurity ion, a kind of
probe, for two reasons. First, as noted above, thisionis
of methodical interest. Second, recent intensive studies
of thision have revealed its dramatic influence on the
physical properties of crystals. This offers considerable
possibilities for its practical use. Let us consider some
of them. Crystals containing a high concentration of
Pr3* can be used as mediawith high gain and, therefore,
are feasible for the fabrication of miniature surface
lasers and microlasers. Doping phosphors with Pr3*
favors the accumulation of alight sum and the buildup
or decay of luminescence induced by other activators.
Incorporation of Pr3* promotes the formation of an
active medium for multifrequency lasers operating in
the visible region of the spectrum. Recently, new possi-
bilities of using Pr¥* for light generation have been
found; in particular, a high-power praseodymium laser
wasdevised [19]. Crystal s activated with Pr can be used
as phosphors, ultraviolet-to-visible converters, and
high-power sources of modulated radiation. An ampli-
fier with a high output power was designed based on
Pr-activated fluoride fiber.

Nonoptical properties of Pr3* that differ substan-
tially from those of other RE ions are also of consider-
able interest. First of al, it should be noted that Pr3*
ions suppress superconductivity in high-temperature
superconductors and have a dramatic effect on the crit-
ical temperature T, T, decreases as the Pr3* concentra-
tion increases. Pr3* ions exhibit anomalous magnetic
and other properties. There is a correlation between
their anomal ous properties and features of the suppres-
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sion of superconductivity. Pr3* ions show unusual trans-
port properties, which are responsible for the metal—
insulator transition and the dimensional effect charac-
teristic of Pr3*. Extensive studies of the properties of
this promising ion are still in progress [4, 20].

2.2. RE ions are usually in alow-symmetry coordi-
nation, which isrelated to the low symmetry of numer-
ous crystals as well asto the presence of compensators
near the impurity ions. However, 3-coordinated ions
(so-called centers with nonlocal charge compensation
[15, 16, 21-23]) are not uncommon. In thiscase, asim-
pler system of energy levelsarises, which facilitatesthe
study of the effects of various factors responsible for
the character and magnitude of splitting of free-ion
terms. Therefore, in this study, we consider a cubic
crystal containing 3-coordinated Pré* ions and perform
calculationsfor alkaline-earth halides containing impu-
rity ions substituting the metal ions. The choice of this
group of crystals, fluorides, in particular, for primary
consideration is also governed by the fact that they are
often used as model objectsin studies of impurity ions
in semiconductors and insulators [22] and are widely
used in laser technology [5]. These crystals are also of
theoretical interest, since they are compounds with a
high ionicity [24] to which the crystal-field theory and
the point-charge model are best applicable[7, 25, 26].

3. STARTING EXPRESSIONS

3.1. According to the group theory, 13 terms of a
free Pr3* ion are generally split into 40 levels, E;, by a
cubic-symmetry crystal field. The E; levels were calcu-
lated in the context of the crystal-field theory [7, 27].
An operator of the energy of the interaction between an
ion and the crystal electric field, V, was chosen as a per-
turbation operator, and correctionsto the atomic energy
levels, AE;, were determined in the framework of the
first-order perturbation theory. By using the theory of
symmetry [28], these corrections were expressed in
terms of the minimum number of matrix elements of
the potential V based on many-electron atomic func-
tions. In turn, these matrix elements were expressed in
terms of three diagonal matrix elements V,, , of the
potential V based on one-electron functions (m is the
guantum number of the orbital moment). Finally, the
matrix elements V,, ,, specified in a unified system of
coordinates were expressed as linear combinations of
matrix elements of the potential of an isolated ligand,
VX, specified in the frame of reference in which the ori-
gin of the coordinates coincided with the center of the
impurity ion and the z axis was directed toward the kth
ligand [29]. The resulting expressions for al correc-
tions AE; were represented as linear combinations of

the matrix elements Vkm, « Of the potential V. Coeffi-

cients entering into these combinations are numbers
and angl es defining the direction toward the kth ion. For

a given coordination shell, the matrix elements Vﬁl ot
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Fig. 1. P; versus |Ap,| for the most important values of a:
2.4 (solid curves) and 2.6 (dotted curves).

are the same and depend solely on the distance to the
kth ion, R,. The expressions obtained are general in
form and are independent of the form of the potentials
V and VK.

3.2. In caculations, a radia function of the
form [10]

2 92 3
R, = ——a “rrexp(-ar), 1
“ = 5 p(-ar) )

was chosen as a starting one-electron wave function
(a isthe parameter of the Slater orbital), and the point-
charge (dipole) approximation was used for the poten-
tial V. In this case, the matrix elements V,, ; are com-
puted in an analytical form, so that al corrections AE;
are expressed explicitly in terms of parametersy, q,, ,
and R,, wherey isthe parameter characterizing ionicity
(y=1for purely ionic crystals), and g, isthe charge (or
charges, depending on the model) on the kth ligand (in
units of the electron charge |g]). Upon performing the
calculation, we obtain the following equation for AE;
(in atomic units, au):

AE; = VGZQK[—ZFO(Xk) "
25

{i
+ 4 T4Fa0) * g7l FEFe(x) |

Here,
X, = aR,; f¥ = 35n, —30n%+ 3;

f& = 231n; - 315n; + 105n> — 5;

CHUMACHKOVA, ROITSIN

n, = cosd,, where 9, is the polar angle defining the
direction from the impurity ion (origin of coordinates)
toward the kth ligand ion; and F,(X) are the direct and
inverse polynomialsin x in combination with exp(—2x)
[8]. The coefficients t; and |, are constants characteriz-
ing agiven level. For example, the fundamental term of
freeion (®H,) isacubic crystal field split into four lev-
es E, T;, Ay, and T, (commonly accepted designations
of irreducible representations). In this case, for the
value 33t/2, we obtain -2, —7, —14, and 13, respec-
tively. Similarly, for 8251,/68, we obtain 16, 1, —20, and
-5, respectively. The summation over the lattice (over
the vector k) generally implies a summation over the
ligands as well as over charges on aligand.

4, EFFECTIVE ELECTRIC DIPOLE MOMENT
4.1. Thelocal distortion of the lattice wastaken into
account by varying R, near its equilibrium value, Rﬁ,
corresponding to the perfect lattice. Setting R, = hp,,

where h isthe lattice constant (10.32 au for CaF, [30]),
we obtain

X = Upy, Py = p(k)+Apk’ u = ha.

Since the lattice near impurity ions may be com-
pressed or expanded, the parameter Ap, is varied from
—0.03 to +0.03 for all coordination shells. This range
encompasses all fixed ion displacements calculated
previously but is considerably less than the interionic
distance in the undistorted lattice.

For small values of Ap,, the functions of Ap, can be
expanded in terms of this small parameter. Correct to a
term linear in Ap,, we can write

Fi(upy) = Fj(upy) + Fj(up)Ap,. 3)

Expressionsfor F; are given in the appendix. The pos-
sibility of using expression (3) depends on the contribu-
tion of the second term at various values of Ap,. Figure
1 shows the ratio P, = uF; Ap,/F; plotted as a function
of |Apy| for j = 4 and 6. The dependence for j = 0 is of
little interest, since the corresponding term in Eqg. (2)
leads only to equal shifts of all levels. For more distant
coordination shells (k > 1), the validity of expression (3)
will be even stronger, because the quantity P; decreases

as py increases. We can set, to a high accuracy, P =

1Ap/ Py, Where 1, = 5, and 1, = 7, so that P, is halved
even for k= 3 asan example. Thevalidity of expression
(3) can adso be demonstrated by substituting this
expression into formula(2) and comparing the obtained
approximate results with the exact ones (without
expansion in terms of Ap,). Appropriate calculations of
theenergiesE, T,, A;, and T, for the most important val-
ues of a (from 2.4 to 2.8) show that the greatest devia-
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tion from the exact datais 14% for Ap = +0.03 and 8%
for Ap = —0.03.1 The greatest and smallest departures
were obtained for the highest level (E) and the level A,
(about 4%), respectively. To obtain these results, we
performed the summation over k in formula (2) in two
ways. immediately over coordination shells and (as
verification) over cubes by the fractional-charge
method [32], with 14 positive and 8 negative charges
contained in each cube.

4.2. The polarization of the kth ligand was taken into
account by introducing a dipole [7, 29] aligned along
the (impurity ion)-ligand line. The center of the dipole
was taken to be at a distance hp, from the impurity ion,
i.e., at the position of the ligand displaced owing to
relaxation. Then, based on expression (2) and an expan-
sion of aformula of type (3), we can write

S{F;lu(pe+ Apy +3,/2)]

—F,[u(py + Apy—3/2)] } = USSF;(upy),

where hd, is the distance between induced point
charges of the dipole (£S)). When aobtaining Eq. (4), we
neglected terms on the order of 3 Ap, and of higher
orders of smallness. Combining formula (3) and
Eg. (4), we obtain AE; = AE;, + AE;;, where AE;, is
given by expression (2) at equilibrium positions of
ligands xﬁ and their charges without regard for polar-
ization, and

AE,, = yauz dk[—ng(xﬁ)

(4)

+ PRI + T RO |,

where
di = g ldpk+ SO ©)

Expression (5) defines the effective electric dipole
moment of the kth ligand (in atomic units). The effec-
tive electric dipole moment is the sum of the moments
of two dipoles: the dipole arising from polarization
(S0, and the dipole resulting from the displacement of
an ion from its equilibrium position (qAp). To
describe electrical effectsrelated to paramagnetic reso-
nance, Roitsin [33] developed a relation for the effec-
tive electric dipole moment, which is similar to expres-
sion (5). A similar expression was derived by Ivanenko
and Malkin [16], who calculated local distortion and
polarization of the crystal lattice around impurities.
From the expression for AE;,, we can see that the effects
of polarization and deformation of a ligand in the kth
shell are controlled by a common parameter d,. There-
fore, we can study the energy-level structure of impu-

1 The exact datawere obtained previously [31] and were confirmed
in this study.
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Fig. 2. Dependences of the energy levels (1) T,, (2) Ay,
(3) T1, and (4) E on the parameter o calculated for d; = 0.04
(solid curves) and —0.04 (dashed curves) and y = 1 (d, = O,
if k# 1). In this and other figures, experimental values are
shown on the vertical axis by straight-line segments.

rity ions depending on the parameter d, and determine
this parameter experimentally.

5. CALCULATION OF ENERGY-LEVEL
STRUCTURE

5.1. Klimov et al. [8] calculated impurity-ion terms
with the use of only AE;,. They demonstrated that satis-
factory agreement between theory and experiment can-
not be obtained for any of the values of a. However, we
will demonstrate in what follows that the theory is con-
sistent with the experiment if AE;, istaken into account.
To be brief, we present here cal cul ated dependences of
the energy-level structure on various parameters,
including the effective electric dipole moment, only for
the fundamental term 3H, of theion in the crystal (i.e.,
for thelevelsE, T, A;, and Ty).

Figure 2 shows dependences of the energy levelson
the parameter a calculated for several limiting values
of d;. These values were preset tentatively on the basis
of Fig. 1, the first term of expression (5), and the fact
that the ligand chargeis|q, < 2. The values of E; corre-
sponding to other values of d, fall between the limiting
curves. In particular, E(a) curves calculated for d; =0
run approximately midway between the curves calcu-
lated for d; = 0.04 and —0.04. One can see from Fig. 2
that, for small values of a for which the E;(a) curvesfor
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Fig. 3. Dependences of the energy levels on the parameter
d; calculated at y =1 and a = 2.4 (solid curves), 2.6 (dotted

curves), and 2.8 (dashed curves); d, = 0, if k# 1. Designa-
tions of the curves are the same asin Fig. 2.

thelevelsE, T;, and A; do not intersect and the relative
positions of these levels are consistent with the experi-
mental data[15, 34], an agreement between theory and
experiment cannot be obtained for any values of a if
d, = 0. Although, in this case, the distances between the
terms E, T,, and A, are close to the experimental values
in the range of a from 2.4 to 2.8, the distance from this
group of termsto the term T, is about twice as large as
the experimental value. However, the agreement
between the theory and experiment isimproved if d; <O0.

Figure 3 shows dependences of the energy levelson
the effective electric dipole moment, and Fig. 4 illus-
trates the contribution of other coordination shells. It
follows from Figs. 3 and 4 that the first coordination
sphere makes amajor contribution; for k=2, 3, or 4, the
levels virtually merge together. Relaxation and polar-
ization of atoms also affect the intersection point of the
curves, d.. Figure 5illustrates this effect with regard to
the contribution of each coordination shell. All the
above results of calculations were obtained for y = 1,
i.e., for purely ionic compounds. However, even for flu-
orides that are crystals with the highest ionicity, the
effective charge of fluorineisonly 0.8 [24]. With allow-
ance made for thisfact, the agreement between the the-
ory and experiment was further improved (see Fig. 6).

As the analyses showed, the energy-level structure
is controlled mainly by displacements and polariza-
tions of ionsin thefirst coordination sphere. Taking this
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Fig. 4. Dependences of the energy levels on the parameter
dy calculated at y = 1, a = 2.6, and k = 2 (solid curves), 3
(dotted curves), and 1 (dashed curves); d; = 0, if j # k. Des-
ignations of the curves are the same asin Fig. 2.

into account, we obtained optimal values of the param-
eters d, and a which ensure the best fit to the experi-
mental datafor y = 0.8. These values were found to be
(dop = —0.018 + 0.002) and a,, = 2.60 + 0.02. They
can beregarded asfundamental parameters of the given
extrinsic crystal. The theoretical predictions were com-
pared with the experimental datafor all three distances
from theterms E, T;, and A; to theterm T,. It should be
emphasized that the choice of d, depends on the value
of the parameter a: the greater a is, the smaller d, is.

6. DISCUSSION AND CONCLUSIONS

6.1. As follows from the above consideration, in
order to describe adequately the experimental data, the
impurity-ion theory should account for polarization
and relaxation of the ligand ions surrounding an impu-
rity ion. The effective electric dipole moment account-
ing for both effects can be considered as a unified
parameter of the theory. This parameter is determined
experimentally and serves as a fundamental character-
istic of a given extrinsic crystal. In this regard, the
present investigation can be considered as ageneraliza-
tion of our previous study [31], in which we considered
only therole played by the relaxation of nearest neigh-
bors of an impurity ion.

6.2. The experimental value a,, = 2.6 was found to
be smaller than the value a = 4.83 obtained by approx-
SEMICONDUCTORS  Vol. 35
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Fig. 5. Dependences of the parameter o on dy calculated at

y=1and k =1 (solid curve), 2 (dotted curve), and 3 (dot-
and-dash curve); dj =0,ifj £k

imating the exact starting wave function of a free Pr3*
ion [35, 36] with expression (1) [10]. This discrepancy,
the so-called nephelauxetic shift [1, 2, 7], is attributed
to the influence of ligands on impurity ions. Therefore,
the considered approach alows us to estimate the
nephel auxetic shift based on the data on the other fun-
damental parameter of an extrinsic crystal, o,

6.3. The results of the calculations indicate that, for
the class of crystals under consideration, the first coor-
dination sphere makes the largest contribution to the
energy-level structure of impurity ions. It should be
noted that, in any case, the small distance from an
impurity ion to its nearest neighbors is not a sufficient
condition for thefirst coordination sphereto play acru-
cia role in the formation of the energy-level structure
of the impurity ion. In some cases, the second coordi-
nation shell determines even the relative positions of
the terms, as in some semiconductors (for example,
see [29)]).

6.4. From the results obtained, we also may con-
clude that the considered approach can be extended to
other impurity ions and halides as well as to extrinsic
akaline-earth oxides with RE impurities. This approach
may be advantageous for describing the properties of
deep-level centers in semiconductors [6, 26], since, in
many cases, including a series of covalent crystals, the
crystal-field theory can be applied (e.g., in a dipole-
ligand model or a model taking into account a spatial
distribution of electron clouds at ligands). In semicon-
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Fig. 6. Dependences of the energy levels on the parameter
d; calculated at y = 1 (solid curves), 0.9 (dotted curves), 0.8
(dot-and-dash curves), and 0.7 (dashed curves); dy = 0, if
k # 1. For thelevels 2, 3, and 4, only dependences calcul ated
aty=1and 0.7 and a = 2.6 are shown, sincethese levelsare
closely spaced. Designations of the curves are the same as
inFig. 2.

ductors, RE ions can act asimpurity ions.? Taking into
account the relative simplicity of the method, we
believe that it will find a wide application in the inter-
pretation of experimental data for extrinsic semicon-
ductors and insulators, in particular, in studies of their
optical properties.

APPENDIX
Derivatives F; = dF/dx are given by

. 1 2x° -
FO(X) _X_2+315 fo(x)!

7425 2 —2x

Fa(x) = EE [9(x) + 19

+92x° + 825x2f(x)/2] ,

g(x) , 7’

g 6615, 2 e—2x|:
231 66

Fe(x) = 1435— o 15

+7_X+z 2 3_5X+3_15f(x)i|%
2 4 0

2 For example, see [37] and other papers in the same issue of the
journal that contains the Proceedings of the Workshop on Rare-
Earth Impurities in Semiconductors and Low-Dimensiona Semi-
conductor Structures.
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Abstract—The results of electrical studies of CdTe crystals grown by the Bridgman—Stockbarger method and
doped with Sb impurity to concentrations of 10*—3 x 10'° cm were considered. An analysis of the tempera-
ture dependences of the Hall coefficient, the charge-carrier mobility, and photoconductivity under the intrinsic-
absorption excitation for various portions of the ingots made it possible to conclude that Sby, and Sb4 centers
and Shy.Shc associations are introduced upon doping CdTe crystals with Sb impurity. The hole conduction in
the doped crystalsis controlled by A; (Sbr.) acceptors whose concentration is no higher than 5 x 10 cm= and
is much lower than the actual Sb concentration. The ionization energy of the A; acceptorsis 0.28 + 0.01 eV.
Under nonequilibrium conditions, these acceptors act as attachment centersfor holes (at high temperatures) and
as slow-rate recombination centersfor electrons (at low temperatures). © 2001 MAIK “ Nauka/Interperiodica” .

Cadmium telluride semiconductor crystals have
useful optical and electrical parameters which can be
intentionally varied in a wide range by doping with
appropriate impurities; because of this, these crystals
are used in anumber of electronic devices.

Asarule, theimpurities of the Group V elements (P
and As) are shallow-level acceptorsin CdTecrystals[1]
and thus ensure the comparatively high electrical con-
ductivity of this material. At the sametime, it is known
that doping of CdTe crystals with Sb impurity makes it
possible to obtain a semi-insulating materia [2] in
which conductivity is controlled by deep-level accep-
tors with the levels distributed in energy. However, the
latter refers only to samples with a high concentration
of Sbin the solid phase (at alevel of Cg, = 10'° cm3);
at the sametime, the properties of CdTewith alower Sb
concentration are unexplored. In this paper, we con-
sider the results of measuring the electrical characteris-
ticsof CdTe:Sb crystals grown by the Bridgman—Stock-
barger method and doped by introducing a Sb impurity
(with concentrations of C, = 10%"-3 x 10%° cm) into the
melt. The actual Sb concentration Cg, was assessed
from the known values of the segregation factor, which
isequal tok=4x 102 for C, < 108 cm and decreases
with increasing C, for C, > 10 cm= [3].

Asarule, undoped CdTe crystals grown under sim-
ilar conditions had p-type conductivity controlled by
shallow-level A, acceptors with alevel at E, + (0.025—
0.050) eV and by deep-level A, acceptorswith alevel at
E, + (0.11-0.15) eV. Light doping with Sb (C, =
10" cm®) did not result in asignificant variation in the

parameters of the crystals. However, the effect of dop-
ing became pronounced beginning with an antimony
concentration of C, =5 x 10'7 cm3. Thus, the temper-
ature dependence of the Hall coefficient R, in the sam-
pleswith various concentrations of Sbimpurity (Fig. 1)
indicates that p-type conductivity is controlled by
acceptorswith deeper levels, E, + (0.28 £ 0.01) eV, irre-
spective of Cg, in awide antimony-concentration range
of 2 x 10165 x 108 cm3. It isonly in some of the sam-
ples, which were not represented in Fig. 1, that the
above acceptors were completely compensated and the
deeper levels a E, + (0.40-0.45) eV manifested them-
selves.

In the samples studied, the lowest actual concentra-
tion of Sb was Cg, = 2 x 10'® cm™ and the highest was
Cg, = 10% cm3. It isimpossible to establish a correla-
tion between C, and Cg,, on the one hand, and the hole
concentration, on the other hand, taking into consider-
ation the data shown in Fig. 1, the more so as a mark-
edly nonuniform distribution of the charge-carrier con-
centration along the ingot axis is observed.

Rapid thermal treatment [4] at 700°C not only did
not induce the conductivity-type conversion but, on the
contrary, shifted the equilibrium Fermi level to the
valence-band top (Fig. 1, curve 8). The same effect
resulted from prolonged annealing at 400°C (Fig. 1,
curve 7). In both cases, the conductivity was invariably
controlled by acceptors with a level a E, + 0.28 eV.
Furthermore, these acceptors manifest themselves even
in lightly doped samples (Cg, = 2 x 10'® cm®) after
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Fig. 1. Temperature dependences of the Hall coefficient for
the CdTe:Sb samples with Co = (1) 5 x 10/, (2) 1 x 10%,
(3) 2x 108, (4) 3 x 108, and (5) 3 x 10*° cm™; curve 6 is
for the sample with Cy = 1017 cm™ subjected to a field-
assisted doping with Ag; curve 7 corresponds to a sample
that had Co = 1 x 10*® cm™ and was annealed for 12 h at
400°C; and curve 8 is for a sample that had Cy = 2 x

108 cm 3 and was annealed for 60 s a 700°C.

low-temperature compensation [5] by field-assisted
doping (Fig. 1, curve 6).

It follows from the aforesaid that the above accep-
tors (we refer to them arbitrarily as A; acceptors) are
formed in CdTe crystals owing to doping with Sb and,
apparently, constitute the Sb atoms residing in Te sub-
lattice sites (Sby,). However, doping with Sb is not
reduced to the introduction of A; acceptors asindicated
by the following factors. As arule, the Fermi level is
below the level E, + 0.20 eV in undoped p-CdTe crys-
tals. In the CdTe:Sb crystals, the Fermi level is above
E, + 0.28 eV. Consequently, additional compensating
donors with a concentration exceeding [ Sby] areintro-
duced along with the Shy, acceptors. At the same time,
the calculated concentration of Sb impurity is much
higher than the A; acceptor concentration. For example,
in samples4 and 5 (curves 4, 5in Fig. 1), the A; accep-
tor concentration determined from the Hall effect mea-
surements was found to be equal to 4 x 10'® cm™ for
Cg, =8 x 10% and 4 x 10'” cm3, respectively. Further-
more, an analysis of the temperature dependence of the

NIKONYUK et al.

hole mobility in a number of doped samples indicates
that the concentration of scattering ionized centers is
much higher than 2[A;] and, at the same time, is lower
than Cg,, especially in heavily doped crystals. Thus, we
should assume that the doping impurity is involved in
the formation of compensating donors and is incorpo-
rated in the lattice as Sbey. Since the strong inequality
[As] <€ Cg, isvalid and a pronounced electron conduc-
tivity is not observed (one exception being a semi-insu-
lating material obtained by zone leveling where, how-
ever, n-type conduction is weakly pronounced and
ceases to exist even at annealing temperatures of T, =
100-150°C), the conclusion that the concentration of
Sbey donors in an isolated state is comparable to the
concentration of the A; acceptors (i.e., [Sby] = [Shey <
Cg) suggests itself. Consequently, the majority of
impurity atoms are in a bound and electrically inactive
state and form associations such as Sby.Sbey. The mass
bal ance equation may be then written as

Cs = [Sbre] +[Sbca] + [(SbreSbea)l, 1
and the el ectroneutrality equation, as
[Sbre] = [AL+A;] = p+[Sbgy] +[CdT]. (2

The presence of the term [Cd;] corresponding to the

concentration of interstitial cadmium in Eq. (2) is nec-
essary due to the observation of the field-assisted puri-
fication effect in al the doped samples at T, =
100-150°C; this effect consists in an increase in the
hole concentration as aresult of the extended exposure
of the samples to an electric field (E = 3-15 V/cm),
which is related to the drift of mobile donors (appar-
ently, Cd) [5]. In our opinion, it is unlikely that She,
ions can perform the role of the above mobile ionsin
CdTe:Sb crystals.

We believe that the suggested model is corroborated
by the results of room-temperature measurements of
the edge-absorption spectra, which are indicative of a
marked narrowing of the band gap [2]. Our experiments
with heavily doped samples (Cg, > 10Y cm3) sup-
ported this conclusion and, in addition, madeit possible
to detect an absorption band corresponding to the
A; — E_ transitions; analysis of this band yielded a
value of no larger than 5 x 10 cm for the As-acceptor
concentration, which is in good agreement with the
results of electrical measurements. On the other hand,
the Sb.Sby associationsin various coordination shells
ensure a wide quasi-continuous spectrum of levelsin
therangefrom E, to E, + 0.28 eV. It isthese levelsthat
form a broad absorption band merging with the funda-
mental absorption band, which is perceived as a nar-
rowing of the band gap.

We studied the temperature dependence of photo-
conductivity oy, under the intrinsic-absorption excita-
tion of highly compensated photosensitive samples
with the Fermi level at E-= E, + 0.35 eV. Figure 2
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shows the temperature dependences of the total electri-
cal conductivity o = 0, + G,y (0 being the dark equilib-
rium conductivity) for various excitation levels. It was
found that holes are involved in photoconductivity at
temperatures of T > 140-180 K (depending on the exci-
tation level); this photoconductivity is thermally acti-
vated and isrelated to the capture of holes by the attach-
ment centers with alevel at E, + 0.27 eV (Ag). At T<
140-180 K, hole-related photoconductivity becomes
electron-related (Fig. 3), and temperature-related
guenching of the photoconductivity is observed. The
temperature of the sign reversal for the Hall coefficient
R, decreases with an increasing degree of compensa-
tion of the A; acceptors and a decreasing excitation
level.

The temperature-related quenching of the electron
photoconductivity can be easily explained in amodel of
two recombination channels for electrons. a rapid-
recombination channel r and a slow-recombination
channel s[6]. In order to analyze the lower boundary of
the temperature-related quenching of photoconductiv-
ity, we use the formula[7]

NvSpr Evr

log r 0.43k0_|_l 3
where the electron concentration n, = o,,/el, and the
temperature T, correspond to the above boundary for
different excitation levels; y, is the electron mobility;
Sy and S, arethe cross sections for the capture of holes
and electrons by the r centers, and E,, = E, — E, isthe
ionization energy for the r centers. As a result, we
obtain the value E, = E, + 0.28 €V for the r-center
energy level. Thus, the A; acceptors perform the role of
r centers. The same formula (3) makes it possible to
estimate the asymmetry of the cross sections for hole
and electron capture by the above centers at S,/S, =
2 x 10°. This result is easily understandable because
holes are captured by negatively charged centers,
whereas electrons are captured by neutral centers. The
role of the s centers may be performed by compensat-
ing deep-level donors (for example, by the Sbegy
defects).

In order to analyze the upper boundary (with the
corresponding electron concentration n, and the tem-
perature T,) for the range of the temperature-related
photoconductivity quenching, we use the formula[6]

SNV r EVr
logn, = Iog% ;’p E—o.@koTz, 4

where gs and g, are the fractions of the charge-carrier
fluxes through the sand r centers, respectively. Assum-
ing that gJ/g, = 1 = const, we obtain avalue for the cross
section of electron capture by the s centers (S, which
is at least two orders of magnitude larger than the elec-
tron-capture cross section for ther centers (S,); at the
same time, we find the same value for E,, as obtained

logn, =
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Fig. 2. Temperature dependences of total electrical conduc-
tivity for two CdTe:Sb sampleswith Cy = (1, 1', 1) 1 x 108
and (2, 2) 2 x 1018 cm™. The fundamental absorption exci-

tation was used. The excitation level increased in the
sequencesof 1 — 1' — 1"and 2 — 2.

log Ry [cm?/(V s)]
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Fig. 3. Temperature dependences of the product oRy for

CdTe:Sh samples subjected to the fundamental absorption
excitation (enumeration of the curves correspondsto that in
Fig. 2).

using formula (3). All this supports the use of the two-
center model for recombination of nonequilibrium
charge carriers and suggests that, under nonequilibrium
conditions, the A; acceptors (Sby,) perform the role of
slow-recombination centers for electrons at low tem-
peratures and hole-attachment centers at high tempera-
tures.

Thus, on the basis of the above results, we may con-
clude that Sby, and She, centers and Sb.Sby associa-
tions are formed in CdTe crystals as aresult of doping
with Sh. The hole conductivity in the doped crystalsis
controlled by A; acceptors (Sby.) whose concentration
is no higher than 5 x 10% cm™ and is much lower
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than Cg,. The ionization energy for A; acceptors is
0.28 = 0.01 eV. Under nonequilibrium conditions, these
acceptors perform the role of hole attachment centers
(at high temperatures) and slow-recombination centers
for electrons (at low temperatures).
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Abstract—Electrical and photoluminescence studies of MBE-grown Si delta-doped GaAs structures at a var-

ied partial pressure ratio PyJ/Pg, = Y on substrates with (111)Ga orientation and misoriented toward the [211]
direction have been performed. Hall effect measurements demonstrated that the conduction type changes from
p to nonraising the As pressure (i.e., y). The observed changes in the photoluminescence spectra are interpreted
intermsof akinetic approach based on different dangling bond densities on terraces and steps of thevicinal surface

appearing on [ 211 ] substrates misoriented toward the [ 211 ] direction. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Obtaining high-perfection epilayers is a relevant
task as regards both the investigation of their funda
mental properties and device applications. Misorienta:
tion of GaAs substrates from the (111)Ga orientation

toward the [ 211] direction by 1° to 4° gives, according
to [1], a vicina surface constituted by terraces with
(111)Gaand steps with (111)As planes and, toward the

[211] direction, terraces with (111)Ga and steps with
(100) planes [2]. Lee et al. [1] fabricated heterostruc-
tures with a high uniformity and steps of up to
~30 monolayers deep by metalloorganic vapor phase
epitaxy. Inthe authors’ opinion, this growth technology
can be used to fabricate structures with quantum wells.
However, no data on the properties of doped epilayers
were reported.

The interest in the properties of epilayers grown on
(111)Ga GaAs substratesis a so due to the fact that sil-
icon, in this case, shows clearly pronounced amphoteric
properties. With GaAs having a (100) orientation, sili-
con mainly occupies sites of the Ga sublattice, forming
n-type epilayers, whereas in the case of (111)Ga orien-
tation, both compensated and p- or n-type epilayers can
be grown depending on the growth temperature (T, and
ratio y of arsenic and gallium fluxes (y = PadPca),
where P, and P, arethe partial pressuresof Asand Ga
vapors in the epilayer growth zone in the molecular

beam epitaxy (MBE) machine [2—7]. The use of &-dop-
ing with silicon can give deltalayers and, possibly, also
n- and p-type quantum wires.

It is noteworthy that the properties of delta-doped
n-type (with silicon) and p-type (with beryllium) epil-
ayers grown on (100) GaAs substrates have been stud-
ied in sufficient detail [8-15]. In [15], mention was
made of the fundamental difference between the photo-
luminescence (PL) spectraof n- and p-type delta-doped
layers on (100) GaAs and difficulties in locating and
studying the PL spectra of single n-type &-layers. This
isdueto the repulsive action of the potential of the delta
layer on minority carriers and the resulting nearly zero
probability of recombination involving electrons local-
ized in the potential well [11].

However, there have been no reportsin theliterature
concerning investigations of Si delta-doped layers
grown on GaAs substrates with (111)Ga orientation or
those misoriented, in which Si delta layers on both n-
and p-types can be obtained depending on the Asto Ga
flux ratio.

This paper presents the results obtained in studying
the electrical properties and PL spectra of Si delta
doped epilayers MBE-grown at varied y on (111)Ga
GaAs substrates misoriented toward the [211] direc-
tion.

1063-7826/01/3504-0409%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. SIMS depth profiles of silicon concentration Ng;(X).
The numbers on the curves correspond to sample numbers
in the table.

2. GROWTH OF EPILAYERS
AND INVESTIGATION TECHNIQUES

The samples under study were grown on aTsNA-24
MBE machine (Ryazan’, Russia). Semi-insulating
GaAs substrates with (111)Ga orientation misoriented
toward the[211] direction by a =1°, 1.5°, and 3° were
used. Samples with these misorientation angles, a
(111)Ga sample, and a sample on a (100) substrate
were grown in the samerun at acertain y value. For this
purpose, al these substrates were pasted with indium
onto a molybdenum holder. The structures grown com-
prised an undoped buffer layer ~0.48 um thick, a delta-
layer of silicon, and a top undoped layer of thickness
~0.033 pm. The epitaxial growth was done at T, =

GALIEV et al.

600°C with the silicon source temperature set to ensure
aconduction electron concentration of n=1 x 10*® cm3
and atime of delta-doping equal to 135 sin (100) GaAs
layers. During the formation of the delta-layer, the
growth was interrupted; i.e., the shutter of the molecu-
lar gallium source was closed. The conditions under
which al the structures under study were fabricated are
listed in the table. The carrier concentration and the
type of conduction were determined by measuring the
Hall coefficient. The PL spectraweretakenat T =77 K
with the photon energies Aw ranging from 1.3 to
1.55eV. The PL was excited by an Ar* laser with a
wavelength of A = 488 nm and a radiation power den-
sity of up to 100 W/cm?. Depth distributions of the sil-
icon concentration Ng(X) were measured on a Cameca

IMS-4F secondary-ion mass spectrometer with O}

oxygen ions with an energy of E, = 5 keV used as the
primary beam. The raster area was 250 x 250 pm, and
secondary silicon ions were collected from the central
part of the raster (60 x 60 um) at a mass resolution of
5000. Surface images of the samples under study were
taken with a CamScan scanning electron microscopein
the secondary electron mode at an accel erating voltage
of 30 keV.

3. DISCUSSION OF RESULTS

The table illustrates layer growth conditions
together with sheet concentrations ng and mobilities
measured at T = 77 and 300 K. It can be seen that sam-
ples grown on (111)Ga GaAs substrates (samples
nos. 2-5) show p-type conduction at y = 18 and are
n-type a y = 63. At the same time, structures grown on
(100) GaAs (samples 1 and 6) have n-type conduction
in both cases. Let us consider silicon profiles Ng(X)
measured by secondary-ion mass spectrometry (SIMS)
on the samples under study (Fig. 1). It can be seen that
a high content of Si is observed in thin surface layers
for all the samples. The reason for the presence of Si in

Table
semple tngrE)sétr(]gt(ren ?20 er?g Cor][ducti on | vaueoty Mohbility p, cm?/(V s) Sheet concentration ng, cm 2

tation angle o ype T=300K T=77K T=300K T=77K

1 (100) n 18 601 1070 2x102 | 1.6x1012

2 (111)A #05° p 18 54 53 6.3x 102 | 48x1012

3 (11DA  1° p 18 43 50 1.0 x 103 6 x 102

4 (111)A  15° p 18 49 205 6.2x102 | 7.3x104

5 (11DA  3° p 18 60 145 49x102 | 1.3x10%2

6 (100) n 63 305 1251 1.3 x 10%8 6 x 10%2

7 (111)A +05° n 63 129 1247 36x102 | 1.8x104

8 (11DA  1° n 63 271 593 1.1x102 | 1.7x104

9 (11)A  15° n 63 175 563 20x10¥? | 35x10%

10 (11DA 3 n 63 166 360 1.1 x 1012 7 x 101
SEMICONDUCTORS Vol. 35 No.4 2001
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591 100"

Fig. 2. Plan-view SEM images of the samples under study. The numbers at the micrographs correspond to sample numbersin the
table.

GaAs structures containing Si-doped layers deep inside Asit can be seen from Fig. 1, Ng(X) SIMS profiles
epilayers observed by SIMS was discussed in [16, 17]  for the Si delta layer are strongly broadened for sam-
and will not be considered here. ples 2, 3, and 5 grown at y = 18, and it is practically

SEMICONDUCTORS Vol. 35 No.4 2001
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Fig. 3. PL spectrataken at T = 77 K from samples 1-5
grown at y = 18 with Si delta-doped layers. The spectra are
shifted with respect to one another along the ordinate. The
insert shows the supposed band diagram for optical transi-
tions.

1.506 eV

g
5[
2r 1.5°
5[
Er 1°
L
Q-‘ —

+£0.5°
0.80 0.85 0.90 0.95

A, Um

Fig. 4. PL spectratakenat T =77 K from samples grown on
(111)Gasubstrates under the same conditions as samples 1-5,
but without a Si delta layer. The spectra are shifted with
respect to one another along the ordinate. The misorienta-
tion angles are indicated at the corresponding curves.

impossible to determine the full width at half-maxi-
mum (FWHM), A, of the delta layer. This is presum-
ably due to the fact that the epitaxial films grown at
small y are more defective. It is noteworthy that similar
behavior was observed in [2]. It isknown that ion etch-
ing in SIMS makes the surface relief more developed,
which, in turn, impairs the SIMS depth resolution. Fig-
ure 2 presents plan-view SEM images of the samples
under study. As seen from Figs. 1 and 2, the samples
with strongly broadened profiles are the most defective
(samples 2, 3, and 5). Thus, the strong broadening of
the Si delta-layer profiles for samples 2—4, shown in
Fig. 1, isin all probability due to the surface morphol-
ogy and surface relief development upon ion etching.

At the same time, the profiles of deltalayers are not
so strongly broadened for samples 1 and 7-11,
although the egress of silicon toward the surfaceis till
observed. The haf-widths A are 120, 100, 123, 80, 71,
and 63 A for samples 1 and 6-10, respectively; i.e., they
are close to the A values observed for the delta-doped
layers by SIMS. That A, > Ag (here the subscripts cor-
respond to the sample numbers in the table) for the
samples grown on (100) GaAsis presumably dueto the
fact that epitaxial growth at y = 18 is not optimal as
regards the surface morphology. It is noteworthy that,
with the misorientation angle increasing from 0° to 3°,
the A value, in particular, decreases. A; = 123 A for
a = 0°, whereas A, = 63 A for a = 3°. In our opinion,
this is associated with the surface morphology of the
epitaxia films improving as the misorientation angle
increases. This, in turn, improves the depth resolution
of the SIMS analysis and makes the Si delta layer less
thick.

Let us now consider the PL measurements. Figure 3
shows the PL spectra taken from samples 1-5 at
T =77 K, with the insert presenting a diagram of opti-
cal transitions constructed for GaAs on the basis of the
experimental data obtained in [4, 7, 9]. It can be seen
that the PL spectraof all samples, except sample 1, con-
tain two bands. One of these, lying at #w = 1.508 eV
and designated here as band B, corresponds to band-to-
band radiative recombination (e-h). The second, broad
band, peaked at Aw = 1.36-1.38 €V, is only observed
for samples grown on (111)Ga substrates with varied a
and aSi deltalayer and isdesignated asa S band (Fig. 3).
Figure 4 presents PL spectra of samples grown under
the same conditions on similar substrates [except (100)
GaAs] but without a Si delta layer. It can be seen that
thereisno Si band in this case. This suggests that this
band is associated with the Si delta layer. It should be
noted that the PL spectra of single beryllium delta-
doped layers grown on (100) GaAs substrates have no
band at 1.36-1.38 eV, either. The features in the PL
spectra of Be delta layers associated with transitions
between the conduction band and acceptor levels
related to Be atoms are observed at Aw = 1.42-1.49 eV
[11, 12, 15]. Theband at 2w = 1.36 €V inthe PL spectra
of the epilayers grown on (111)Ga substrates is com-
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monly attributed to the recombination of electrons
localized at As vacancies V, s With holes at the level of
the Si acceptor at the As site Sy [4, 7], i.e, to the
Vp—Sipstransition. ThisPL band isalso observedin sil-
icon-doped epilayers grown on (100) GaAs substrates
and annealed at T > 600°C [16] and films grown on
(111)Ga, (211)Ga, and (311)Ga substrates at low As
pressures |7, 18] or also annealed [18, 19].

Let us consider the behavior of a Si band with the
misorientation angle a. As can be seen from Fig. 3, the
peak of the Si band is shifted, with increasing a, to
shorter wavelengths: from 2w = 1.36 eV for a = 0° to
1.383 eV for a = 3°. This shift of the Si band with
increasing a can be understood by considering the den-
sity of bonds on terraces and steps. Figure 5 shows
schematically the positions of Ga and As atoms on the
vicinal surface for a (111)Ga GaAs substrate misori-

ented toward the[ 211 ] direction. It can be seen that the
vicinal surfaceis characterized by different densities of
dangling Ga bonds on terraces and steps; i.e., the con-
ditions of the appearance of aV,¢ vacancy and occupa-
tion of As sites by silicon are different on the terraces
and the steps. L et us assume that donor—acceptor (D-A)
pairs are formed with the distance r between donors
and acceptors exceeding the Bohr radius. Then, accord-
ing to [20], the emission energy is determined for such
apair by the expression

2
e

Ameg,r’

fiw = Eg—(Ep+ Ep) +

where E; is the energy gap, E, and E;, are the acceptor
and donor levels, € and g, are the dielectric constant of
GaAs and the permittivity of the vacuum, eisthe elec-
tron charge, and r is the distance between a donor and
an acceptor.

Thus, we have a correction e’/4megyr associated
with the interaction within the D—A pair to the transi-
tion energy E, — (Ea + Ep) = 1.36 €V. For the case in
guestion, the r value is determined by the average dis-
tance between the donor and acceptor pairsfor each ter-
racelength L. The L, valuesare 37.2, 18.6, 12.4, and
6.2 nmfor a = 0.5°, 1°, 1.5°, and 3°, respectively. The
correction €?/4megyr equals ~0.0027 and 0.012 eV for,
respectively, r = 40 and 10 nm; i.e, it grows with
increasing misorientation angle a and is comparable
with the observed shift of the Si band in the PL spectra
in Fig. 3 to higher energies. Thus, the shift of the Si
band with increasing o can be accounted for by
changes in the distances of D—A pairs on the steps and
terraces of the vicinal face.

Let us consider epilayers grown at large vy, i.e, at
vy = 63. In this case, silicon-doped epilayers are known
to exhibit n-type conduction. Figure 6 presents PL
spectra for samples 6-10 grown at y = 63. As can be
seen from the table, these samples show n-type conduc-
tion. Figure 6 shows that the spectra of samples grown
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Fig. 5. Schematic arrangement of Ga and As atoms on the
(111)Ga surface for substrate misorientation toward the

[211] direction.
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Fig. 6. PL spectrataken at T = 77 K from samples 6-10
grown at y = 63 with Si delta-doped layers. The spectra are
shifted with respect to one another along the ordinate. For
samples 7-10, the main band at /20 = 1.508 eV isnot shown
because of the high intensity of the signal.

on (111)Ga substrates at various misorientation angles
contain, in addition to the main band at 2w = 1.508 eV,
afeature at i = 1.47-1.48 eV. For sample 7, this fea-
ture has the form of a shoulder at Zw = 1.483 eV,
whereas, with increasing a (for samples 8-10), it
becomes a more clearly defined band. The same band
was observed in PL spectrafor uniformly doped epilay-
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ersgrown on (111)Ga GaAs substrates at large y in [5].
In the same study, a shift of the main band from Aw =
1.508 to =1.525 eV was observed on changing y from
16to 70. In the present case of Si delta-doping, no such
shift of the main band is observed. Moreover, in[5], the
intensity of theband at 4w = 1.48 €V exceedsthat of the
main band. In our opinion, the band at aw = 1.47 eV is
associated with transitions between donor and acceptor
states of silicon, i.e., Sig;—Sias

Thus, the investigations performed indicate that
with only silicon used for doping, both n- and p-type
delta-doped layers can be obtained on (111)Ga sub-
strates. The PL spectra of samples grown on (111)Ga
substrates and those misoriented from this plane toward

the [211] direction contain bands related to single
deltalayers of silicon. Analysis of the PL spectra dem-
onstrated that at small y, when a p-type delta-doped
layer is formed, the band Aw = 1.36 eV is shifted to
higher energies with an increasing misorientation
angle. This shift is attributed to a change in the average
distance between donors and acceptors in D-A pairs
because of the increase in the terrace length with an
increasing misorientation angle a.
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Abstract—Epilayers of the n- and p-type were grown. It is demonstrated that the surface relief of the p-type
layersis inferior to that of n-type layers. However, in both cases, the photoluminescence spectra and charge
carrier mobility have no considerable distinctions from these characteristics for single-crystal samples. Planar
p—n junctions were obtained, and diodes were fabricated aswell. Depending on the layer structure, the current—
voltage characteristics for devices take a form typical of conventional or inverted diodes. © 2001 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

Itisknown that Si dopant can form both donor (with
an energy of 6 meV) and acceptor (with an energy of
35 meV) levelsin GaAs. Doping with Si allows one to
introduce acceptor levels only during epitaxial growth
on the GaAs(100) substrates irrespective of growth
conditions. Accordingly, the epilayers always have an
n-type conduction. At the same time, epitaxial growth
on the (111)A substrates enables one to obtain epilay-
ers of both conduction types [1-3]. This is accom-
plished by varying the growth conditions. It is known
that molecular beam epitaxy (MBE) ensures a high
controllability of epilayer growth conditions. The
required conduction type of epilayer is attained by
varying theratio between As and Gafluxesy = P,J/Pg..
Here, Pysand P, arethe partial pressures of Asand Ga
vapors in the growth zone, respectively. For y < 20 and
y = 50, the layers of the p- and n-type of conduction are
grown, respectively. For intermediate values 20 < y <
40, partly or completely compensated layers are grown
[2, 3].

Fabrication of the GaAs-based lateral p— junctions
using only the Si dopant has been reported. Thus, lat-
eral p—n junctions with dimensions of ~10 um were
formed on the GaAs(100) substrates, but only in the
grooves formed by photolithography and selective
etching in the (110) direction [4]. In this case, the face
(112)A isformed in the groove due to the choice of the
selective etchant, and the p-type conduction region is
formed in the groove by MBE. It was reported that the
lateral submicron regions with p-n junctions in
GaAs(111)A wereformed using Si dopant [5, 6]. Inthis
case, the equilateral triangular etched regions with
(111)A, (411)A [5], and (311)A [6] faces were formed

on the substrate surfaces using photolithography and
selective etching. The p- and n-regions were formed on
these faces by MBE. The extension of these regions
was as small as ~10 pm. However, there are no avail-
able data on epitaxially grown GaAs films with planar
p— junctions doped only with Si.

In this study, the properties of epilayers of the p- and
n-type of conduction grown on the (111)A substrates
and diode characteristics of the films consisting of epil-
ayers of both types of conduction are investigated.

2. EXPERIMENTAL

The samples investigated were grown by the MBE
on (111)A-oriented semi-insulating substrates. For this
purpose, four (111)A-oriented samples and two
(100)-oriented samples were cemented to the Mo
holder using In. The latter two samples were used as
references for comparison of concentrations as well as
the electron and hole mobilitiesin the epilayers. Subse-
guent to growth on the undoped ~0.5-pum-thick buffer
layer, the ~0.5-um-thick Si-doped layer was grown at
y= 77 and a growth temperature of 600°C, in which
case the n-layer is formed according to [3]. After that,
the growth was terminated, and two (111)A-oriented
samples and one (100)-oriented sample were unglued.
These samples were further used for the investigation
of characteristics of the n-layer. Then, two new (111)A-
oriented samples and one (100)-oriented sample were
cemented to the holder, and the p-type epilayer
~0.45 pm thick was grown at y = 15. Thus, as a result
of two growth runs, we were able to grow samples con-
taining both single n- and p-type layers (samples 1 and
2, respectively) aswell asthe sample with the p—n junc-
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Fig. 1. Surfaces of the epilayers of (a) p- and (b) n-type of conduction. |mages were obtained using a scanning el ectron microscope.

tion (sample 3). The concentration, carrier mobility,
and conduction type were determined by the van der
Pauw method. The photoluminescence (PL) spectra
weremeasured at T =77 K for the photon energy range
from 1.3 to 1.7 eV. The excitation source was an Ar*
laser with a wavelength of 514.5 nm and a radiation
power density as high as 20 W/cm?. Images of the sam-
ple surfaces were obtained using a Cam Scan scanning
electron microscope in the secondary-electron detec-
tion mode at an accelerating voltage of 30 kV.

In order to measure current—voltage (I-V) character-
istics of the p—njunctions (samples 3 and 4), the p-type
cap layer was etched off from part of the sample. After
that, AWTi nonrectifying contacts ~0.2 um thick were
deposited. The area of contacts was ~1 mm? and the dis-
tance between them was ~5 mm.

1.5208 eV
| 1.485eV

|

1.378 eV

Intensity, arb. units

0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94
A, Um

Fig. 2. Photoluminescence spectra for epilayers of (1) n-
and (2) p-type conduction.

3. RESULTS AND DISCUSSION
OF MEASUREMENTS OF ELECTRICAL
CHARACTERISTICS FOR EPILAYERS

The images of the surface of the n- and p-type layer
obtained using the scanning electron microscope are
shown in Fig. 1. It can be seen that the p-type layer is
characteristic of the developed surfacerelief. Asacon-
sequence, the crystalline perfection of thislayer ispoor,
and, correspondingly, it contains a large number of
defects. These defects play the role of traps and scatter-
ing centers for charge carriers. The high concentration
of these defects has a pronounced effect on the electri-
cal characteristics of the layers. Thus, the mobility was
~2000 cm?/(V s) for sample 1 with an electron density
of ~6 x 10'7 cm3, At the same hole density, the mobil-
ity was ~100 cm?/(V s) for sample 2. The mobilities
measured were lower than those characteristic of the
single-crystal samples grown on (100)-oriented sub-
strates by afactor of 1.5 and 2, respectively.

The PL spectra for samples 1 and 2 are shown in
Fig. 2. It can be seen that the energies corresponding to
peaks of emission bands for band-to-band transitions
are shifted to opposite sides in relation to the energy
equal to the band gap E, = 1.507 eV. Such behavior of
the PL spectrais characteristic of heavily doped GaAs
and was investigated in detail previoudy [7]. It is
caused by the simultaneous effect of two factors,
namely, the Burstein-Moss shift and narrowing of the
band gap. The former factor is dominant in n-type
materials, and the latter oneis dominant in p-type mate-
rials. In addition, low-energy bands were observed in
the PL spectra, which correspond [8] to optical transi-
tions from the donor or acceptor to the Asvacancy. The
difference between peak energies for these bands is
approximately equal to the energy difference between
the donor and acceptor Si levelsin GaAs.
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4. CURRENT-VOLTAGE CHARACTERISTICS
OF p—n JUNCTIONS

The |-V characteristics for diodes fabricated from
samples 3 and 4 are shown in Figs. 3 and 4, respec-
tively. Sample 3 has parameters of the layers for sam-
ples 1 and 2. Sample 4 differed from sample 3 by the
introduction of an additional undoped layer d, = 68 nm
thick between the p- and n-layers, aswell asby alower
doping level (~4.5 x 10 cm3). It can be seen from
Figs. 3 and 4 that the |-V characteristics are practically
asymmetrical and strongly deviate from ideal charac-
teristics. Major reasons for this deviation of the |-V
characteristics are known [9]. These are (i) generation
and recombination of charge carriers in the depletion
region, (ii) state-to-state tunneling of carriers in the
band gap and between the bands, (iii) a high injection
level, and (iv) the influence of the seriesresistance.

It is easy to deduce from the experimental 1-V char-
acteristics that the series resistance for both cases is
about 3.3 kQ. It is mainly determined by the resistivity
of the n-layer, its thickness, and distance between non-
rectifying contacts. Note that this value can be signifi-
cantly decreased by increasing the n-layer thickness. It
follows from the figures that the largest current density
is no higher than 5 mA/cm? in our caseg; i.e., the mea
surements are carried out in conditions of alow injec-
tion level. Thus, the difference between the |-V charac-
teristics is determined by the two first reasons men-
tioned.

For a forward bias and voltage U > ¢ = KT/q, the
total current through the diode is defined by the rela
tionship [9]

D n2 |:|

=49 NDeXpﬂbT o* GOV 5 exp% 5O
where n; istheintrinsic carrier density, o is the capture
cross section for the traps, N, is the trap concentration,
vristhethermal velocity, and Wisthetotal width of the
depletion region. For sample 3, the W value coincides
with the total width of the depletion region for the p—n
junction W,. For sample 4, W> W, and, as can be easily
demonstrated, is determinable from the relationship

W2 =W; + d’. Thefirst and second terms in relation-
ship (1) are the diffusion and recombination currents,
respectively. Under a reverse bias and |U| > 3¢+, the
total current can be expressed approximately asthe sum
of the diffusion current in the neutral region, the gener-
ation current in the depletion region, and the tunneling
current:

D n qniW
- ND Te

For GaAs, the value of n; is very small. In addition, it
was demonstrated above that the epilayer surface relief
for the (111)A orientation is characteristic of a high

+J;. ()]
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Fig. 3. Current—voltage characteristic for the diode with the
structure of sample 3.

Current, HA
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4100
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Fig. 4. Current—voltage characteristic for the diode with the
structure of sample 4.

level of imperfection and, as a consequence, high N,
values. This was indirectly confirmed by the low-fre-
guency hysteresis in the -V characteristics. By virtue
of these reasons, the generation—recombination constit-
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uent of the current is sufficiently larger than the diffu-
sion one, with the latter depending quadratically on n;.
For the epilayers grown, the electron and hole densities
are close to the effective density of statesin the bands.
As a consequence, the charge carriers are dightly
degenerate. In these conditions, direct band-to-band
tunneling becomes significant. It is known that the
quantity J; is given by

0 T[m]JZEBIZWD
J 0 exp———
O 2J2hq¢. O

where ¢, is the contact potential difference, which is
approximately equal to Eq/qin our case. It followsfrom
expression (3) that J; decreases rapidly with increasing
W. The differencein the I-V characteristics for the sam-
ples is the consequence of this dependence of the tun-
neling current. For obtained concentrationsin sample 3,
W, = 54 nm. The tunneling current for the reverse bias
exceeds the recombination current for the forward bias,
and the 1-V characteristic is typical of an inverted
diode[9].

For sample 4, W, = 62 nm and W= 93 nm. The latter
valueis larger than W, for sample 3 by afactor of 1.7.
It follows from expression (3) that J; in expression (2)
decreases exponentially by afactor of 10%. At the same
time, the recombination current magnitude in expres-
sion (1) increases linearly with increasing W. Thus, the
tunneling current becomes significant at higher volt-
ages (~1.5V). Thebehavior of the |-V characteristicsis
therefore typical of conventional diodes. The results
demonstrate that the diode characteristics can be con-
trolled rather simply by introducing the undoped
region.

©)

5. CONCLUSION

We grew the epilayers of the n- and p-type of con-
duction on the GaAs (111)A substrates by molecular
beam epitaxy and investigated their properties. The sur-
facerdlief of then-type epilayersissimilar to that of the

GALIEV et al.

layers on the (100)-oriented substrates. At the same
time, the surface relief of the p-type layers indicates
that thereis alarge number of imperfections. However,
electrical properties of epilayers are close to those of
single-crystal samples with the same doping level. We
also obtained planar p—n junctions and fabricated the
diodes. Depending on the structure of the layers, the
|-V characteristics of the devices aretypical of the con-
ventional or inverted diodes.
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Abstract—Thefabrication of new hybrid AIAsSh/InAs/Cd(Mg)Se heterostructures by molecular beam epitaxy
and investigation of their structural, luminescent, and transport properties are reported for the first time. These
structures show intense luminescence both intheinfrared and in the visible regions of the spectrum. Thisfactor,
taken together with structural data, indicates a heterointerface of high quality between the I11-V and [1-VI lay-
ers. A theoretical estimate is made of the relative positions of energy bands in the proposed hybrid structures,
indicating that the InNAs/CdSe interface is atype-11 heterojunction, whereas the INAS/Cdg gsM gy 155€ interface
isatype-l heterojunction with alarge valence band offset AE, = 1.6 eV. The data obtained on the longitudinal
electron transport at the InAs/Cd(M g) Se heterointerface are in good agreement with the theoretical estimate.

© 2001 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

Among the known and widely used lI-VI/111-V het-
eropairs characterized by nearly ideal lattice matching
(eg., ZnSe/GaAs [1] and CdTe/lnSbh [2]) the
CdSe/InAs pair has received insufficient attention, even
though the epilayer properties of cubic CdSe (with a
zinc blende structure) grown by molecular beam epit-
axy (MBE) on GaAssubstrates are well understood [3].
Data on the structural and optical properties of bulk
crystals of hexagonal CdMgSe have also been pub-
lished [4]. It should be noted that the fabrication of het-
erostructures based on high quality Cd(Mg)Se/InAs
heteropairs allows greater diversification in the design
of hybrid structures containing a CdSe/InAs heteroint-
erface in their active region; e.g., a two-dimensional
(2D) channel with magnetic electron gas in the quan-
tum wells (QWSs) in an InAslayer confined on one side
by a CdMnSe semimagnetic barrier can be obtained.

In this communication, we report for the firgt time on
new hybrid heterogtructuresin the AIASSH/INAYCA(Mg)Se
system grown by MBE and study their structural, lumi-
nescent, and transport properties.

2. GROWTH OF HYBRID STRUCTURES

The hybrid structures studied comprised two parts:
layers of 111-V compounds, conventionally named the
(111=V) part in what follows, and layers of 11-VVI com-

poundsthe (11-V1) part. They were grown successively
in two separate MBE machines. The 111-V part of the
structures for optical measurements was grown on a
Riber 32P machine at T, = 480°C on p*-InAs (100) sub-
strates with hole concentration p = 6 x 10*® cm3. It
comprised a 0.1-um-thick Be-doped p* InAs buffer
layer, a 20-nm-thick Si-doped p-AlGaAs barrier, and a
0.6-um-thick nominally undoped InAs layer with elec-
tron concentration n< 10 cm. On completion of
growth, the substrate temperature was lowered to T, <
25°C and then the sample surface was covered, in the
course of 1 h, with alayer of arsenic under an As, beam
pressure of 8 x 1076 Torr. This arsenic layer served as
passivating coating protecting the structure surface from
oxidation in air during sample transfer to the 11-VI
growth chamber (EP 1203 MBE machine). Before
being used for 11-VI growth, the passivated structures
were stored in aspecial nitrogen-filled box for aweek.

Layers of Cd(Mg)Se were grown with standard
effusion cells providing molecular flows of Cd, Mg,
and Se[5, 6]. The surface layer of arsenic was removed
prior to [1-V1 growth by annealing the structure at T, <
480°C. The sample surface was monitored in all growth
stages by reflection high-energy electron diffraction
(RHEED). Before the growth of 11-V1 layers, a (4 x 2)
surface reconstruction was observed, corresponding to
an In-stabilized surface. However, for some samples
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Fig. 1. Cross-sectiona SEM image of an undoped
AlAsSH/INAYCdSe/CdMgSe structure (@) and its PL spec-
trum at 77 K (b).

with athinner arsenic layer evaporating at alower tem-
perature (T, = 460°C), a (2 x 4) surface reconstruction
was observed at the initial instant of time, correspond-
ing to an As-stabilized surface which, on being kept at
the same temperature, gradually transformed into (4 x 2)
viaan intermediate reconstruction (4 x 4).

The growth of the (11-V1) part was started by plac-
ing the structure surface under a Cd flux for 5 s. Further,
a thin (~10 nm) CdSe (or CdMgSe) buffer layer was
grown in the epitaxy regime with an enhanced migra-
tion of atoms [7] at T, = 200°C, with no stage of 3D
growth revealed by RHEED. After that, the substrate
temperature was raised to T, = 280°C and the remaining
(I=VI) part of the structure was grown in the MBE
regime with beam pressure ratio Se/Cd = 3. In doing so,
aclear (2 x 1) diffraction pattern was observed, corre-
sponding to a Se-enriched surface (the beam pressure
ratio Se/Cd = 2 approximately corresponds to an effec-
tive l1/V1 flux ratio of 1 : 1). A ZnCl, source was used
to obtain n-Cd(Mg)Se layers.

Two samples (A and B) intended for optica mea-
surements had identical (111-V) parts and different lay-
ersinthe (I11-V1) part. Sample A comprised two inten-

SOLOV’EV et al.
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Fig. 2. Cross-sectional SEM image of a diode p—i-n
p-InAg/p-AlAsSb/i-InAs/n-CdMgSe/n-CdSe structure (a)
and its PL spectrum at 77 K (b).

tionally undoped layers. a CdSe layer, 83 nm thick, and
aCdMgSe layer of thickness 0.56 pm. The (11-V1) part
of sample B consisted of a 50-nm-thick undoped
CdMgSe layer and two chlorine-doped layers. a
0.3-um-thick n-CdMgSe layer and athin (10 nm) upper
n-CdSe layer. The eectron concentration in these
doped layers was, according to capacitance-voltage
data, n = 4 x 10*” cm3. Thus, sample B was a diode
structure with a p—n junction at the AIAsSb/InAs inter-
face. Cross-sectional SEM micrographs of samples A
and B are presented in Figs. 1aand 2a, respectively.

To study transport characteristics, two more sam-
ples (C and D) were grown on semi-insulating GaAs
(100) substrates. Both the samples were fabricated as
conventional structures with a 2D electron gas on the
basis of AlGaSh/InAs heterostructures with a quantum
well (QW), i.e.,, anInAslayer 15 nmthick [8]; however,
in the given case the growth was interrupted immedi-
ately after the QW was obtained, and, then, the struc-
tures were overgrown similarly to samplesA and B but
with different Cd(Mg)Se layers in the [1-VI chamber.
In the case of sample C, an undoped CdSe layer 15 nm
thick was deposited first, followed by 10-nm-thick
undoped and 50-nm-thick chlorine-doped CdMgSe
No. 4
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layers, and, finally, by an upper n-CdSe layer 10 nm
thick. In the case of sample D, no CdSe layer was
deposited onto InAs and the heterostructure was amod-
ulation-doped AlGaSh/InAS/CdMgSe QW, in contrast
to sample C, an AlGaSh/InAs/CdSe/CdMgSe hetero-
structure containing an INAS/CdSe heterointerface.
Based on the calibration of the level of chlorine doping,
performed for sample B, it was assumed that the elec-
tron concentration in the chlorine-doped layers was
n~ 10 cmS.

3. STRUCTURAL AND OPTICAL
MEASUREMENTS

To assess the quality of separate layers constituting
the hybrid structures, photoluminescence (PL) investi-
gations were performed in awide spectral range cover-
ing both the infrared and the visible part of the spec-
trum. The PL was measured with single-grating mono-
chromators and various kinds of excitation sources for
different spectral ranges. The PL in the (111-V) part of
the structure, emitting in the infrared part of spectrum,
was excited with an InGaAs laser diode operating in
continuous wave (CW) mode at a wavelength of A =
950 nm. The light intensity on the sample surface was
2 W/cm?. The PL signal was recorded with alead sul-
fide photodetector with thermoel ectric cooling. The PL
in the visible range from the Cd(Mg)Se layer was
excited by a He—-Cd laser (A = 325 nm), also operating
in the CW mode.

The PL spectrum of sampleA, taken at 77 K, ispre-
sented in Fig. 1b. It can be seen that the spectrum shows
three comparatively narrow peaks at 0.41, 1.737, and
2.111 eV, correlating well with the lines of band-edge
luminescence in InAs, CdSe, and CdMgSe, respec-
tively. In addition, the spectrum contains one more,
rather broad peak at around 1.9 eV, which is presum-
ably due to donor—acceptor recombination in the
CdMgSe layer, typica of wide-bandgap 11-VI com-
pounds[9]. An estimate of the relative content of Mgin
the Cd, _,Mg,Se layer in an approximation of the linear
dependence of the energy gap on the composition of the
solid solution givesx = 0.15. A closevaluex = 0.17 was
calculated from X-ray diffraction analysisdata (Fig. 3),
with the CdMgSe layer considered to be completely
dasticaly strained (this solid solution is lattice-
matched to InAs at x = 0.1). Despite the absence of
relaxation and the intense luminescence from this
structure, TEM studies demonstrated the presence of a
rather high (~10” cm?) density of stacking faults aris-
ing at the INAS/CdSe heterointerface (Fig. 4). In our
opinion, the high density of stacking faultsis dueto the
fact that the growth of the (11-VI) part of the structure
started, as mentioned above, on a surface enriched in
indium. This, in turn, was due to the formation of arel-
atively thick passivating layer of arsenic, whose com-
plete remova before the growth of the (II-VI1) part
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Fig. 4.

Cross-sectional  TEM
AlAsSH/InAYCdSe/CdMgSe structure.

image of the

required rather high annealing temperatures. It is
assumed that optimization of the passivation and subse-
quent annealing will alow the growth of the (11-VI)
part on the As-stahilized surface, which should lead to
alower density of stacking faults at the InAS/Cd(Mg)Se
interface, asin the case of GaAsZnSe [10].

The PL spectrum of sample B, in contrast to sample
A, only shows two narrow peaks corresponding to
band-to-band transitions in InAs and CdMgSe
(Fig. 2b). It should be noted that high-intensity elec-
troluminescence was al so observed in sample B both at
77 K and a room temperature. The electrolumines-
cence spectrum contained only the InAs emission line,
with the intensity decreasing only seven- to tenfold on
elevating the temperature from 77 to 300 K.

The results presented of the structural and optical
investigations confirm the high quality of the
INAS/Cd(MQ)Se heterointerface, but fail to provide
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Fig. 5. Energy band diagram for a
INAS/AlASSh/INAS/CdSe/CdMgSe heterostructure.

exhaustive information about the relative position of
energy bands. To theoretically evaluate the band offset
at the InAS/CdSe interface, we used the known values
for the heteropairs CdSe/ZnSe, ZnSe/GaAs, and
GaAg/InAs and aso Van de Walle's model-solid theory
[11] to account for the effect of elastic strain on the
band structure. The calculation we performed demon-
strated that the INAS/CdSe interface is atype-1l hetero-
junction, with InAs forming a potentia barrier AE, =
60 meV for electrons at the CdSe conduction band bot-
tom and the heavy hole valence band offset at thisinter-
face AE, = 1.42 eV (Fig. 5). The opposite situation
would be expected for the INnAYCdMgSe interface
when thereisasufficiently high Mg content in the solid
solution. For the structures under study, the difference
between the energy gaps of CdSe and CdMgSe is,
according to PL data (Figs. 1b and 2b), ~360 meV. It
would be expected that at least haf this value is
accounted for by the conduction band offset. Thus, the
INAS/Cd, gsM g, 155e heterointerface is a type-l hetero-
junction with a conduction band offset of AE, =
120 meV and a higher valence band offset of AE, =
1.6 eV. It should be noted that, owing to such a large
valence band offset, the INASCdMgSe heterojunction
can be used in designing laser heterostructures emitting
inthe medium IR range (2-5 pum) as an effective barrier
for holes, hindering their leakage from the active InAs
region of adevice.

To verify theoretical estimates, Hall effect measure-
ments were performed on samples C and D. Sample C,
containing an InAS/CdSe heterointerface, demon-
strated relatively low eectron mobility: pe =
800 cm?/(V s) at T =300 K and p, = 500 cn?/(V s) at
T =77 K. These values are close to the electron mobil-
ities in bulk hexagona n-CdSe, which suggests the
absence of an electron channel in the InAs layer as a
result of electron accumulation in the CdSe QW [12].
By contrast, much higher electron mobilities were
obtained in sample D: p, = 2700 cn?/(V s) a T =300 K
and P, = 2200 cm?/(V s) at T = 77 K. Such high values
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cannot be accounted for only by the conduction in the
CdSelayer, which indicatesthat el ectronsin InAsat the
INAS/CdMgSe heterointerface are involved in conduc-
tion. The mobilities obtained for the 2D electron gasin
InAs are much smaller than those commonly observed
in  AlGaSh/InAg/AlGaSh  structures  with  QWs
(>150000 cm?/(V s) at 77 K). Such a significant differ-
enceis presumably dueto the appearance of ahigh den-
sity of defects at the INAgAIGaSh heterointerface
through the relaxation of elastic strains in the
INAS/CdMgSe part of the structure, lattice-mismatched
with respect to the GaSb buffer layer. To make the
mobility of the 2D electron gas higher, the GaSb buffer
layer must contain ~6 mol % arsenic to become | attice-
matched to InAs.

4. CONCLUSION

Hybrid AIAsSh/INAS/Cd(Mg)Se heterostructures
were fabricated for the first time by successive growth
in two separate MBE machines. These structures show
high-intensity luminescence both under optical excita-
tion and with current pumping, confirming the exist-
ence of effective energy barriersfor the carriers. Inves-
tigations based on RHEED, X-ray diffraction analysis,
transmission electron microscopy, and photolumines-
cence and electroluminescence methods indicate a rel-
atively high quality of the interface between the I11-V
and 11-V1 layers. The data obtained on the longitudinal
electron transport at the InNAS/Cd(Mg)Se heterointer-
face are in good agreement with a theoretical estimate
of themutual positions on energy bandsin the proposed
hybrid structures. The estimate shows that the
INAS/CdSe interface is a type-ll heterojunction,
whereas the InAs/Cd, gsMg, 155 heterointerface is a
type-l heterojunction with large valence band offset
AE,=16¢eV.

Structures of thiskind seem to be exceedingly effec-
tivein optoel ectronic applications and in basic research
into electron transport at the I11-V/11-VI heterointer-
face.
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Abstract—The n-SnO,:Ni/p-Si heterostructures were synthesized with a mean size of 6-8 nm of crystallites
inthetin dioxide layer. The capacitance—voltage characteristics of these structureswere measured in dry air and
under adsorption of NO, and C,HsOH molecules. The variation of a reference-signal frequency within
0.5-20 kHz made it possible to separate out the contribution of heterointerface states to the structure capaci-
tance. Adsorption of NO, moleculeswas shown to reduce the density of the heterointerface states, while adsorp-
tion of ethanol molecules resulted in itsincrease. © 2001 MAIK “ Nauka/Interperiodica” .

The heterointerface states control to a large extent
the properties of heterostructures of both diode and tun-
neling types. The presence of additional charges at an
interface leads, in particular, to the appearance of an
additional contribution to the capacitance of structures
[1]. In contrast to the capacitance of the heterojunction
itself determined in terms of the Anderson model, the
additional capacitance associated with the heterointer-
face-state recharging depends on areference-signal fre-
guency f if the characteristic times of centersinterface-
state recharging T = 1/21d. The possibility of modifying
the heterointerface in the course of gas adsorption may
be used to devel op new approachesto solving gas-mon-
itoring problems[2].

In this study, we investigate how the capacitance—
voltage (C-V) characteristics of n-SnO,:Ni/p-Si hetero-
structures in dry air and in a gaseous mixture contain-
ing NO, and C,H;OH molecules depend on avariation
in the reference-signal frequency f from 0.5 to 20 kHz
at room temperature. The reference-signal amplitude
wasbelow 1 mV and the biasamplitude V varied within
-3V <V < 3V. The SnO, film was deposited by aerosol
pyrolysis. As a substrate, we used a p-Si single crysta
oriented along the 1000 axis with a resistivity of
10Q cm. The thickness of the SnO,:Ni layers
amounted to 0.8-1.0 pm, and the mean size of the
nanocrystallites was 6-8 nm. The porous structure of
the layers is caused by the segregation of nanocrystal-
line grains in agglomerates of 0.05-0.10 pm in size.
Thus, a SnO,:Ni layer, as one of the forming elements
of the heterojunction, serves simultaneously as a per-
meable membrane for gas molecules, which enables
them to diffuse towards the heterointerface. The Ni-
impurity content in the SnO, layer amountsto 0.8 at. %.

The Au and Al ohmic contacts were deposited onto the
SnO, and Si layers, respectively, by vacuum evapora-
tion. The gold-contact area was ~0.07 cm? (less than
10% of the film area available for gas adsorption). The
synthesis and the methods of structure investigations
were described in more detail previously [3-5].

The C-V characteristics of heterostructures in dry
airareshowninFig. 1. Anincreasein thereference-sig-
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Fig. 1. Capacitance-voltage characteristics of the
n-SnO,:Ni/p-Si heterostructure in dry air. The numbers at
the curves are the reference-signal frequencies expressed
inkHz.
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Fig. 2. Capacitance-voltage characteristics of the
n-SnO,:Ni/p-Si heterostructure in (1) dry air, (2) N, +

10* ppm C,HsOH, and (3) N, + 10° ppm NO,.

nal frequency leads to a significant reduction in capac-
itance C, which isindicative of the presence of acontri-
bution from heterointerfaces. Under gas-adsorption
conditions, the C-V characteristics are considerably
modified. In Fig. 2, we show the heterostructure C-V
characteristics measured for a reference-signal fre-
guency of 1 kHz in air (curve 1) and in gaseous mix-
tures of 10* ppm C,HsOH + N, (curve 2) and 10° ppm
NO, + N, (curve 3). It can be seen from Fig. 2 that
adsorbed C,H;OH and NO, molecules have opposite
effects. The ethanol adsorption induces an additional
increase in capacitance; at the same time, the NO,
adsorption leads to a decrease in C, with the absolute
value of capacitance being closeto those obtained in air
for higher f. Thisindicatesthat the concentration of het-
erointerfaces responsible for the frequency-dependent
contribution to the capacitance decreases in this case.

The sensitivity of SnO, nanocrystalline films to gas
is known to be mainly controlled by oxygen hemi-

sorbed on the surface and at grain boundariesin the O,

state. The acceptor energy level corresponding to these
oxygen statesis located at higher energies than the sur-
face acceptor level of an adsorbed NO, molecule [6].
We may assume that the NO, adsorption leads to
recharging of the corresponding oxygen states and
stimulates oxygen desorption. At the same time, the
NO, molecules themselves are unlikely to initiate any
additional charges at the heterointerface, which make a
marked contribution to capacitance. It is not inconceiv-
ablethat the recharging timeistoo large for these states
compared to 1/21tf. A reduction in density of heteroint-
erfacesisindirectly evidenced also by the character of
modifications in the current—voltage (I-V) characteris-
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Fig. 3. Sensitivity Sof the n-SnO,:Ni/p-Si heterostructures
to (1) CoHsOH and (2) NO, as afunction of abias V.

tics of the structures under the effect of gas adsorption.
It should be noted that, in the n-SnO,:Ni/p-Si structures
(compared to structures where the tin dioxide layer was
either undoped or Cu- or Pd-doped [5]), the most sig-
nificant decrease in the forward current was observed
under conditions of NO, adsorption. Furthermore, only
in the n-SnO,:Ni/p-Si structures did the reverse current
also decrease considerably. Nonlinearity of the |-V
characteristic became less pronounced; in this case, the
reverse current somewhat exceeded the forward one. As
we have noted in [5], the behavior of the I-V character-
istic of the n-SnO,:Ni/p-Si heterostructures under gas
adsorption is mainly dependent on the tunneling pro-
cesses; it is the heterointerfaces that play an important
role in the above processes. Thus, it seems logica to
relate an abrupt increase in the resistance of the
n-SnO,:Ni/p-Si structure (accompanied by a reduction
in the capacitance under the NO, adsorption) directly to
adecrease in the density of heterointerfaces, which, on
the one hand, form a channel for the tunneling current
and, on the other hand, are responsible for the fre-
guency-dependent contribution to the capacitance of
these structures.

Contrary to this, the ethanol-molecule adsorption
enhances the density of heterointerfaces. The growth of
the forward tunneling current in the presence of
C,H:OH molecules confirms this assumption [5]. It is
difficult to determine unambiguously whether or not
thisincrease in the heterointerface density is associated
with an increase in the concentration of hemisorbed
oxygen or with the origination of additional states
induced by the ethanol-molecule dissociation. How-
ever, amodification in the C-V-characteristic shape is
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noteworthy. Along with a peak near the zero bias, an
additional peak of C shifted into the region of positive
values of V appears. The appearance of this peak is
more clearly pronounced for the field dependence of
sensitivity S= (C, — C,)/C,, C, > C,, where C; are het-
erostructure capacitances in air and in a gas mixture
(Fig. 3). The dependences obtained show that, when
using the heterostructures investigated as gas sensors, it
is necessary to choose bias voltages corresponding to
the highest sensitivity of the structure.
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Abstract—Spectral characteristics of the transverse bulk photovoltage in the TiB,—GaAs and Au-TiB,—GaAs
Schottky contacts for starting samples (unannealed) and samples annealed at 400, 600, and 800°C were mea-
sured. The concentration of the dopant for the n-GaAs substrate was 10'® cm. It was found that the transition
layer is formed in the TiB,—GaAs structures owing to the diffusion of boron atoms into the GaAs substrate.
Thermal annealing leads to an increase in the doping level of the layer. For the Au-TiB,—GaAs structure, the
transition layer is formed, with the doping level of thislayer being weakly affected by thermal annealing. The
spectral position of the bulk-photovoltage peaks indicates that the tails of the density of states are formed in the
band gap of the semiconductor transition layer owing to an increase in the dopant concentration to
1017-10'8 cm3. © 2001 MAIK “ Nauka/Interperiodica” .

1. In recent years, numerous publications were
devoted to borides of refractory metals (see, for exam-
ple, review [1]). These materials are of interest because
of their application as the contacts for semiconductor
microelectronic devices, with the high electrical con-
ductivity of these contacts accompanied by chemical
and thermal stability [2—4].

Numerous investigations of boride compounds,
which are used or supposed to be used asthermally sta-
ble contacts in the metal—semi conductor heterosystem,
were devoted mainly to their structural properties
[5-7]. In order to investigate these materias, Schottky
contacts were formed via deposition of thefilmsin var-
ious growth modes on various substrates, including
GaAs.

For parameters of the Schottky diodes, in addition to
the diffusion barrier height, the structural and electrical
uniformity of the contact over the areaisimportant. For
current flow through the contact, the electrical resis-
tance of both the metal (or metal-like) contact and the
heterojunction (HJ) region at the interface are of great
importance.

The photoel ectric methods are important for inves-
tigation of the uniformity of electrical characteristics
for Schottky contacts. These methods are sensitive to
the nonuniformity of the potential barrier at the metal—
semiconductor interface, as well as to electrical resis-
tivity of the semiconductor crystal and charge carrier
lifetime.

The structural methods of investigation yield exten-
sive data on the parameters of the crystal lattice and
near-interface regions, the structure of the metal film

itself, and the distribution of the interstitial atoms and
phases close to the contact. These data alow one to
make indirect conclusions on the electrical properties
of the contact, since the subsystem of free electrons of
the crystal is not considered. However, the photogener-
ation of nonequilibrium charge carriersin conditions of
weak excitation when carrier concentration is much
lower than the dark concentration of majority carriers
(An < ny) leads to the appearance of diffusion—drift
current—flow processes in semiconductor structures.
This alows one to assess the electrical properties of
objects under investigation.

Previoudly, discovery of the bulk photoeffect
allowed one to be hopeful of its application for investi-
gating the inhomogeneities of semiconductor crystals
[8, 9]. However, the development of the growth tech-
nology of homogeneous semiconductor crystals put the
capabilities of this method significantly behind.

A different situation is characteristic of semicon-
ductor microelectronic heterostructures. First, they
always contain severa layers with differing physica
characteristics. Second, their linear dimensions are
comparable with macrononuniformities in electrical
properties of these layers and with diffusion length of
nonequilibrium charge carriers. In addition, the forma-
tion of transition regions between the layers introduces
distortions into the current-flow mechanism in such a
device structure. Conseguently, the investigations of
photovoltage spectral characteristics for multilayer (or
just for two-layer) structures can give information
about inhomogeneities, their spatial extension, and the
band structure of semiconductor layers. It is notewor-
thy that recently published data confirm the necessity

1063-7826/01/3504-0427$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. The geometry of experiments with measurement of
the transverse bulk photovoltage. Notation: mod. ill. stands
for monochromatic modulated radiation; film denotes the
TiB, or Au-TiB, film; E¢, Ey, and Eg are the conduction
band bottom, valence band top, and Fermi level of the GaAs
substrate, respectively; Lgcg isthe space charge region of the

Schottky contact; | isthe length of theilluminated part of the
sample; U isthe bulk photovoltage generated by the modu-
lated light; and C; and C, denote the measuring contacts.
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Fig. 2. Spectra characteristics of the transverse photovolt-
age for the TiB,—GaAs samples measured under illumina-
tion from the substrate side: (1) starting (unannealed) sam-
ple; (2), (3), and (4) samples annealed at T = 400, 600, and
800°C, respectively.

of taking into account the nonuniformity of impurity
distribution over theinterface of a semiconductor struc-
ture[10, 11].

This paper is devoted to the investigation of the
spectral characteristics of the transverse bulk—gradient
photovoltage for the TiB,—~GaAs and Au-TiB,—GaAs
structures. It was demonstrated previously that the spe-
cific features of the photovoltage spectral characteris-
tics for a semiconductor heterostructure [12, 13] con-

VENGER et al.

tain information about uniformity of the regions adjoin-
ing the heterointerface.

2. The objects investigated were n-type epilayers
grown on the Te-doped n*-GaAs substrate. The layer
thickness was ~2 um and the density of charge carriers
was 10% cm= without illumination. The GaAs sub-
strate was 200 pum thick. A TiB, film 500 A thick was
deposited on this structure from the epilayer side using
magnetron sputtering.

The meta film in the Au-TiB,—~GaAs structures
consisted of two layers, namely, the TiB, and Au films,
each of which was 500 A thick. The samples of starting
structures and structures annealed for 1 min at temper-
atures T = 400, 600, and 800°C were investigated.
Thus, the structures investigated were the TiB—~GaAs
and Au-TiB,—GaAs Schottky contacts. The samples
used for measurements were 10-12 mm in length and
width. The length of the illuminated part of the sample
was| =5 mm, and the width was 2 mm.

The geometry of experiments is shown in Fig. 1.
The gradient of the dark resistivity (doping), which
gave rise to photovoltage, is conventionally shown by
the slope of the conduction-band bottom E; and the
valence-band top E, for the GaAs crystal. The photo-
voltage amplitude U was measured between the C, and
C, contacts, normally to the gradient of the nonequilib-
rium-carrier concentration.

The C, and C, measuring contacts were formed on
the edges of the GaA s substrate at a distance of 2-3 mm
from the boundary of the illuminated part of the sam-
ple. Photovoltage was generated by exposing the sam-
ples to monochromatic light from both the GaAs sub-
strate side and from the TiB, or Au-TiB, sides. The
light was modulated at afrequency of 537 Hz. Theinci-
dent light intensity was kept constant at the level of N =
8 x 10 photon/(cm? s) over the entire spectral range
under investigation. The aperture spectral width for the
MDR-24 monochromator was 0.0026 pm.

The procedure & so allows one to direct the unmod-
ulated monochromatic light on the part of the sample
irradiated with monochromatic modulated light, aswell
as to vary the illumination intensity and wavelength.
Investigations were carried out at T = 300 K.

3. Spectral characteristics of the transverse photo-
voltage that were measured on illumination of the sam-
ple from the GaAs substrate side are shown in Fig. 2.
Curve 1 corresponds to the starting (unannealed) sam-
ple, and curves 2—4 refer to the samples annealed at
400, 600, and 800°C, respectively. It can be seen from
Fig. 2 that the photovoltage peak is observed in the
spectral characteristics. The peak shiftsto longer wave-
lengths as the annealing temperature increases. The
photovoltage amplitude varied insignificantly. The
peaks for curves 1-3 are positioned beyond the GaAs
absorption edge, i.e., at photon energies lower than the
GaAs band gap. Curve 4, which corresponds to the
sample annealed at T = 800°C, is an exception. In this
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case, the amplitude decreases gradually in the GaAs
fundamental adsorption region and further to the wave-
length A = 0.92 um (hv = 1.35 eV), the photovoltage
peak being absent.

It should be noted that the ratio between the photo-
voltage amplitudesin the vicinity of the peak and inthe
intrinsic absorption region for GaAs varied in the spec-
tral characteristics shown with variation of the annealing
temperature for the sample (Fig. 2, curves 1-3).

Spectral characteristics of the transverse photovolt-
age that were measured for the same samples on their
illumination from the TiB, film side (Fig. 3) also have
their own specific features. It should be noted that the
photovoltage amplitudes (see curves 1-3) in the intrin-
sic absorption region for GaAs are normalized to an
identical magnitude for convenience of comparison to
each other. The falloff portion of curve 2 (annealing
temperature of 400°C) is shifted to longer wavel engths
practically in parallel with curve 1 (starting sample). At
the sametime, the falloff of curve 3 (annealing temper-
ature of 600°C) is more gently sloped compared to
curves 1 and 2. All curves have tails that are extended
to longer wavelengths. For the samplesannealed at T =
800°C (curve 4), the shape of the spectral characteristic
differs significantly from curves 1-3 (Fig. 3). After a
small falloff in the vicinity of the intrinsic absorption
edge for GaAs, the photovoltage peak in the vicinity of
A = 0915 um (hv = 1.358 eV) is observed, whose
amplitude significantly exceeds the photovoltage value
in the intrinsic absorption region for GaAs (A < 0.88
um, hv = 1.41 eV). At the same time, the photovoltage
amplitude of curves 1-3 is practically constant in this
wavelength region. It is noteworthy that the photovolt-
age amplitude of curve 4 in Fig. 3 is diminished by a
factor of two compared to the experimental photovolt-
age values for convenience of representation.

4., Specific features of the spectral characteristics of
the transverse photovoltage measured for the TiB,—
GaAs Schottky contact allowed us to suggest the HJ
model.

First of al, the spectral position of the peaksin the
curves obtained on illumination of the samplesfrom the
GaAsside (Fig. 2) allows usto suggest the existence of
a transition layer between the substrate and the TiB,
film. The transition layer is formed during the stage of
deposition of the TiB,, film on the GaAs substrate. This
follows from the existence of the photovoltage peak
positioned beyond the GaAs absorption edge in the
spectral characteristics, which corresponds to the start-
ing sample (curve 1 in Fig. 2). At annealing tempera-
ture T = 400°C, the peak beginsto broaden and shift to
lower photon energies. An increase in temperature to
600°C leads to further peak shifts to the longer wave-
length A = 0.93 um (hv = 1.33 eV), and the peak com-
pletely disappears at T = 800°C. Curve 4 (T = 800°C)
features a gently sloping edge (Fig. 2). This behavior
indicates that the transition layer broadens with
increasing temperature, and the layer nonuniformity
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Fig. 3. Spectral characteristics of the transverse photovolt-
age for the TiB,—GaAs samples measured under illumina-

tion from the TiB, film side. Curves 1-4 demonstrate the
datafor the same samplesasin Fig. 2.

increases due to the mixing of chemical compounds of
the TiB, film and GaAs. A decrease in the peak height
with an increase in the annealing temperature and peak
disappearance at T = 800°C pointsto an increase in the
recombination rate of electron—hole pairsin the transi-
tion-layer region. This is related to an increase in
imperfection of the layer, a decrease in the band bend-
ing at the TiB,—GaAs contact, and an accompanying
natural increase in the recombination flux to the inter-
face. An increase in the photovoltage amplitude in the
fundamental absorption region for GaAs was also
observed experimentally with an increase in the anneal -
ing temperature (Fig. 2). This points to achangein the
ratio between the recombination rates at the interface
and in the GaAs bulk. However, no regular relation was
observed between these parameters and the annealing
temperature.

The shape of the photovoltage spectral characteris-
tics that were measured under excitation from the TiB,
film side (Fig. 3) can aso be described by the model of
the TiB,—GaAs HJ with the transition layer. The falloff
portion of the photovoltage spectral characteristics for
the starting sample (Fig. 3, curve 1) liesin the range of
photon energies lower than the GaAs band gap. After
annealing at T = 400°C (curve 2), this portion shifts to
lower photon energies, i.e., to the long-wavelength
spectral region. This shift in the spectral characteristic
can berelated to an increase in the thickness of the tran-
sition semiconductor layer with a simultaneous
increase in its doping level. The falloff, which is more
gradual and extended to the long-wavelength region of
the spectral characteristic at an annealing temperature
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Fig. 4. Spectra characteristics of the transverse photovolt-
agefor theAu-TiB,—GaAs samples measured under illumi-

nation from the substrate side: (1) starting (unannealed)
sample; (2), (3), and (4) samples annealed at T = 400, 600,
and 800°C, respectively.

of 600°C (curve 3), points to an increase in the transi-
tion layer thickness. The photovoltage spectral charac-
teristic for the samplesannealed at T = 800°C (curve 4)
differs from curves 1-3. In the vicinity of A =0.92 um
(hv = 1.35 eV), a photovoltage peak appears whose
amplitude exceeds the photovoltage amplitude in the
fundamental absorption region for GaAs. Thisis appar-
ently related to the formation of the extended nonuni-
form transition layer at this annealing temperature. In
the vicinity of the wavelength A = 0.88 um (hv =
1.41 eV), which corresponds to the GaAs absorption
edge, the photovoltage amplitude decreases.

The shape of curves 1-3 (Fig. 3) in therange A =
0.84-0.87 um is of great importance. Here, the photo-
voltage amplitude for each particular curve is practi-
cally constant for the following reason. The light-
absorption coefficient for GaAs at wavelengths A =
0.84-0.87 um varies from 10* to 10° cm [14], which
corresponds to an effective absorption depth of =1 um.
According to published data, the band bending for the
TiB,—GaAs Schottky contact is in the range of
0.7-0.8 eV [15]. The width of the space charge region
(SCR) isLgcg = 0.3 pm, which issmaller than the effec-
tive light-absorption depth for GaAs. For this reason,
the influence of recombination in the SCR on the pho-
tovoltage amplitude is slight compared to that of the
bulk recombination. Thetransition layer contribution to
the photovoltage in the wavelength range of
0.84-0.87 pm is also undetectable (Fig. 2). Its influ-
ence on the spectral characteristics manifests itself at
wavelengthsA > 0.87 um (hv < 1.42 V) only. Here, the
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fundamental absorption for GaAsisreduced and therel-
ative contribution of the photovoltage, which is formed
in the transition layer, correspondingly increases.

5. Spectra characteristics of the transverse photo-
voltage, which were measured for the Au-TiB,~GaAs
structure on illumination of the samplesfrom the GaAs
side, are shown in Fig. 4. Curve 1 corresponds to start-
ing (unannealed) samples, and curves 2—4 correspond
to the samples annealed at T = 400, 600, and 800°C,
respectively. A clearly defined peak was observed in
curves 1-3inthevicinity of A = 0.9 um (hv = 1.38 eV).
At T = 800°C (curve 4), this peak is shifted to A =
0.925um (hv =134 eV) and its height decreases.
Compared to the TiB,—GaAs structure (Fig. 2), two
clearly defined special features are observed in the
spectral characteristics. First, photovoltage peaksin the
spectral characteristics of the starting sample and the
samples annealed at T = 400 and 600°C are located in
the vicinity of the same wavelength A = 0.9 um. Sec-
ond, the peak is shifted to the longer wavelengths.

Spectral characteristics of the Au-TiB,—GaAs struc-
ture that were measured on illumination from the Au—
TiB, film side are shown in Fig. 5. Their shape resem-
bles anal ogous characteristicsfor the TiB,—GaAs struc-
ture. However, no absorption edge shift is observed for
the unannealed sample or samples annealed at T = 400
and 600°C (curves 1-3). Annedling at T = 800°C
changes the spectral characteristics. In contrast to
curves 1-3 (Fig. 3), no flat portion was observed in the
spectral characteristic for the wavelength range of
0.84-0.87 um on illumination from the Au-TiB, film
side (Fig. 5, curve 4). A peak of small height is
observed in thevicinity of A = 0.91 um. The photovolt-
age amplitude, which correspondsto curve 4 in Fig. 4,
isincreased by afactor of four compared to the experi-
mental data.

6. When comparing the spectral characteristics of
the transverse photovoltage, which were measured for
the TiB,~GaAs samples (Fig. 2) and Au-TiB,~GaAs
samples (Fig. 4), the following distinctions should be
noted. First, as it was mentioned above, the photovolt-
age peak for the starting Au-TiB,—GaAs sample is
shifted to the longer wavel engths compared to the peak
inthe spectral characteristic for an anal ogous sample of
the TiB,~GaAs structure. Second, the peak shift and
broadening for the Au-TiB,—GaAs structures occurs at
a higher annealing temperature (Figs. 3, 4).

Spectral  characteristics for the Au-TiB,—GaAs
structures, which were measured on illumination from
the Au-TiB, film side (Fig. 5), also resemble analogous
curves obtained for the TiB,—GaAs structures (Fig. 3).
However, the absorption edge shift with an increase in
annealing temperature is apparently not observed.

It follows from the analysis of the spectral charac-
teristics of the transverse photovoltage that a transition
layer also existsin the Au-TiB,—GaAs structures. This
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is aso confirmed by the photovoltage peak shift to the
longer wavelengths.

Nonuniformity of the band bending, which is usu-
ally observed for Schottky contacts[16], does not affect
the characteristics of the photovoltage measured. This
follows from the fact that no variations were experi-
mentally observed in spectral characteristics of the
sample exposed to additional unmodulated illumina-
tion, although this should lead to a decrease in both the
initial band bending and its relative nonuniformity
along the interface.

It is aso of interest that the photovoltage spectral
characteristics that were measured on illumination of
the samples from the side of the TiB, and Au-TiB,
films have no specific features at a large light absorp-
tion coefficient o = 4 x 10* cm™ (A = 0.64 pm, hv =
1.94eV), inwhich case the nonequilibrium-carrier gen-
eration occurs at the interface of the structures under
investigation (Figs. 3, 5). This indicates that the inter-
face formed between the metal and semiconductor is
not destroyed at annealing temperatures of 400 and
600°C, and the recombination rate for nonequilibrium
charge carriers does not vary in this region.

7. 1t follows from the above results and their analy-
sisthat the structures investigated consist of the TiB, or
Au-TiB, film, atransition layer, and the GaAs layer.

Thetransition layer isalayer of certain thicknessin
which the distinctions from the starting material in dop-
ing level and recombination parameters are clearly
observed.

Thistransition layer may be not only a semiconduc-
tor with the doping level [17, 18] and conductivity type
[2] changed, but also a solid solution with the band gap
increased [13] or decreased in relation to the starting
material (GaAs). The variation in the conditions of the
current flow through the contact is primarily deter-
mined by the changed concentration of equilibrium car-
riers and recombination parameters for the transition
region, aswell as by the degree of uniformity of the car-
rier distribution for this region.

The generation of photovoltage was experimentally
observed for TiB,—GaAs structures at a photon energy
lower than the GaAs band gap (Figs. 2, 3). Thisis pos-
sible if the tails of the density of states that manifest
themselves in doped semiconductors exist in the con-
duction and valence bands [19]. An increase in the
GaAs doping level to 107-10' cm™ leads to the
absorption band shift to the longer wavelengths [20].
We may assume that the transition layer comprises the
boron-doped region adjoining the interface between the
TiB, film and GaAs. Boron is the acceptor impurity in
GaAs, and thetransition layer can be of the p-type con-
duction depending on the B concentration [2].

The photovoltage generation in the TiB,—GaAs
structure on absorption of photons with energies lower
than the GaAs band gap demonstrates that the transi-
tion layer, which is much thinner compared to the
Debye screening length (Ly = 400 A at n = 10 cmr3),
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Fig. 5. Spectra characteristics of the transverse photovolt-
agefor theAu-TiB,~GaAs samples measured under illumi-

nation from the Au-TiB,, film side. Curves 14 demonstrate
the datafor the same samplesasin Fig. 4.

forms aready during the stage of formation of this
structure. Thermal annealing leadsto an increase in both
the thickness and doping level of the transition layer.

For the Au-TiB,—GaAs structure, Au atoms diffuse
into the GaAs near-contact region during the structure
formation. Gold isalso an acceptor impurity [21] which
can compensate the starting doping impurity in GaAs.
The energies of photovoltage peaksin Fig. 3 (curves 1-3)
indicate that a decrease in the band gap due to the
appearance of the tails in the density of states corre-
sponds to Au concentration in the transition region of
10Y-10% cm-3,

Diffusion of B atoms and impurity gettering in the
near-contact region of the GaAs lattice occurs against
the background of the extended transition layer, which
is aready formed by Au atoms during the formation of
the structure. For the Au—GaAs structure, this layer is
several hundred angstromsthick [18, 22]. It isclear that
the existence of the TiB, film should impede the diffu-
sion of Au atoms into the GaAs lattice. However, the
peak in the spectral characteristics for the Au-TiB,—
GaAs structures does not shift after annealing at T =
400 and 600°C (Fig. 2, curves 1-3) compared to the
peak for the unannealed sample. This points to the for-
mation of the Au-doped layer, which is tolerant to
annealing. For this reason, annealing at T = 400 and
600°C only slightly affects the doping level of the tran-
sition region. Accordingly, no changes in position of
the peaks in curves 1-3 (Fig. 4) of the photovoltage
spectral characteristics are observed. The variation in
the photovoltage peak position isobserved only at T =
800°C (Fig. 4, curve 4), which reflects an increase in
the doping level of the transition region.

It is noteworthy that the layer formed by Au atoms
is naturally absent in the TiB,—GaAs structures. The
formation of the transition region is due to doping with
B atoms. For thisreason, the variation in thelevel of the



432

transition-layer doping with B atoms during annealing
leads to the steady shift of the peak to longer wave-
lengths (Fig. 2, curves 1-3) up to the point of disap-
pearance.

Investigations of luminescence for the TiB,—GaAs
and TiN-GaAs structures demonstrated the existence
of thetransition layer. It isthe authors' opinion that the
layer comprises a solid solution with the band gap
increased in reference to GaAs[13].

Thisdiscrepancy with the results given above can be
related to a highly nonequilibrium technology of fabri-
cation of the Schottky contacts investigated. For this
reason, the variation in the technological conditions
and subsequent annealing leads to the formation of
transition layers of different nature.

8. The above experimental results allowed us to
make the following conclusions.

The specific features of the spectral characteristics
of the transverse bulk photovoltage point to the appear-
ance of the B-doped semiconductor transition layer at
the interface of the TiB,—GaAs Schottky contacts dur-
ing their formation.

The transition layer in the Au-TiB,—GaAs structure
isformed primarily due to doping with Au atoms.

Due to the formation of the stable Au-doped transi-
tion layer in the Au-TiB,—GaAs structure, the change
of the layer doping level and thickness as a result of
thermal annealing occurs at higher temperatures com-
pared to the TiB,—GaAs structure.

An increase in the doping level of the transition
layer up to 101-108 cm~3 leads to the formation of tails
in the density of states. Because of this, the electron—
hole pairs in the semiconductor structures can be gen-
erated at the photon energy of the exciting light lower
compared to the GaAs band gap.

The measurements of the spectral characteristics of
the transverse bulk photovoltage allowed us to con-
clude that the mechanism of formation of the transition
layer for Schottky contacts of different types during
their thermal annealing is different.
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Abstract—A narrow peak at the leading edge of the current pulse was found in samples of
p-GaA Al ;Gay ;A S structures subjected to ahigh electric field. An analysis of the shape and height of the peak
as afunction of the electric field, aswell asthe field redistribution along the sample, allows us to conclude that
domain instability exists under these conditions. It is also shown that the energy of holes heated in moderate
electric fields can significantly exceed the optical phonon energy. © 2001 MAIK “ Nauka/lnterperiodica” .

INTRODUCTION

Theaim of studying the hot holesin 2D structuresis
to produce an inverse hole distribution. Recently, a
number of publications have been devoted to this prob-
lem ([1, 2], for example) in which the possibility of
generating far-infrared radiation is discussed. At the
same time, problems of lateral transport of hot holesin
2D structuresin connection with various effects such as
the Gunn effect [1, 3] and the negative magnetoresis-
tance of hot holes[3] are aso discussed.

In this paper, we consider lateral transport of hot
holes in the modulation-doped multiple-quantum-well
GaAg/Aly3Gay,Asbased structures separated by
impermesable barriers.

EXPERIMENTAL

The quantum wells (QWSs) are 40, 20, and 17 hmin
width, and the barrier width varies from 16 to 24 nm.
Each structure consists of ten QWs doped with beryl-
lium in the middle of the barrier (the layer has a thick-
ness of 4 nm) to a concentration of 2 x 10'® cm3. Such
a high level of doping causes the band edges to bend
both in barriers and in QWs, and an actual band dia-
gram is similar to the diagram shown in Fig. 1. In this
case, at least one quantum level with an energy of
10 meV appears in “pockets’ in the QWSs. Thislevel is
occupied by holes, the degeneracy energy of which is
approximately 6 meV. At the same time, QWs also
appear inthe barriers, and elementary cal cul ations show
that only one quantum level can exist in these QWSs.
Strip ohmic contacts to the samples 5 x 5 mm in size
were formed by firing evaporated Au with 3% Zn as a
doping impurity. These contacts provided linear
current-voltage characteristics near the bias voltage

V — 0. The distance between contacts in the [110]
directionis 2 mm. Some probe measurementswere per-
formed on the samples in which the distance between
contacts was 8 mm. An electric-field pulse with a
3 us duration was applied to the samples. The leading-
edge time of a pulse did not exceed 30 ns. Measure-
ments were performed at sample temperatures of
4.2and 77 K as well as in the temperature range of
77-200 K.

RESULTS

In fairly weak electric fields that induce heating, the
current pulse shape replicates the voltage pulse shape,
and, as the voltage increases, a narrow peak appears at
a certain voltage at the leading edge of the current
pulse. The height of this peak sublinearly increases
with voltage. The other part of the current pulse a pla-
teau also increases in magnitude with voltage but much
more slowly. A typical picture of current kinetics with
apeak is shown in Fig. 2a. It can be seen from Fig. 3
that the half-width of the peak decreases as voltage
increases. Dependences of the currents at the peak and
at the pulse plateau on an electric field are also shown
in Fig. 3. For most of the samples, the current kinetics
is similar to that shown in Fig. 2a. However, in many
samples, current oscillations similar to oscillations in
Fig. 2b are observed. As can be seen, the oscillation fre-
guency increases as the electric field increases, though
the effect is rather small. It should be noted that this
phenomenon is more pronounced only at rather low
temperatures when the thermal energy KT is much
less than the energy gap between the lower quantum
level and the Al ;Ga, 7AS band edge. At room temper-
ature, oscillations are not observed. This phenomenon
is also not observed in quantum-confined structures
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Fig. 1. Schematic representation of the band edge bending
of the 20-nm width QW.
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Fig. 2. () Shape of the current pulse in the sample of the
2-524 structure. Width of the QW is17 nm, electricfield E =
1 kV/cm, temperature T = 77 K, and the peak half-width is
equal 125 ns. (b) Damped current oscillationsin 4-353 sam-
ple subjected to electric fields with strengths of (1) 700,
(2) 1000, and (3) 1500 V/cm.
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Fig. 3. The current dependence on electric field: (1) at the
current pesk and (2) at the plateau of the current pulse.
Dependences of (3) the domain formation time and (4) the
domain formation rate onthe electric field for sample 2-524.
The QW widthis17 nm, T=4.2 K.

based on other materials (for example, in an
INg 14Gay gsAFAl 25Gay 75AS structure) in which the
band offset is much larger than in the
GaAg/Al,;Ga,/As structure.
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DISCUSSION

It isreasonable to explain the results obtained by the
domain instability, which is characterized by the fol-
lowing features. A high electric field applied along the
guantum-confined layers at low temperatures causes
significant heating of holes whose mobility is high due
to modulation doping of the structure. Hot holes
located originaly in the GaAs QWSs can acquire an
energy equal to the band edge energy of Al,;Ga,-AS
and can diffuse into the QWs located in barriers where
the hole mobility is significantly lower than in the
GaAs QWs due to a strong impurity scattering. As a
result, spatial separation of holes with high and low
mobilities creates the necessary conditions for the
Gunn effect to occur. Such a situation was discussed in
[1] using as an example the INGaAs/GaAs structure, in
which, however, the energy gap between the first quan-
tum level of the InGaAs QW and the GaAs band edge
is much less than in a GaAgAl,;Ga,/AS system. As
mobility decreases with increasing electric field, a
high-field and low-mobility domain can appear, which
will determine the sample current. In the course of
domain formation, the current of the high-mobility
holesin a homogeneous sample decreases, which man-
ifestsitself in a narrow peak at the leading edge of the
current pulse. A single peak at the onset of the current
pulse is indicative of the existence of a static domain.
Nonuniform field distribution between the sample con-
tacts measured by a probe is evidence that the domain
exists. This nonuniformity arises simultaneously with
the current peak. It turnsout that this strong-field region
is adjacent to the cathode. It should be noted that, in
p-type samples, the location of a static domain near the
cathode was previously observed in uniaxially stressed
germanium [4]. Current oscillations are evidence that a
mobile-domain exists. The small variation in the oscil-
lation frequency is related to rather low differential
conductivity in the leveling-off region of the peak cur-
rent. It is easy to understand that the peak height char-
acterizes the current of all free holes (corresponding to
the concentration of doping impurity N,) in the GaAs
QWs when the electric field in the sample is homoge-
neous. The current pulse magnitude at the plateau is
governed by the domain conduction and by its electric
field. Asthe voltage applied to the sampleincreases, the
domain increases in size, but its field changes only
dlightly. Due to this factor, the current increases insig-
nificantly. In previous studies of hot holesin 2D struc-
tures [5], in which the time of the leading edge of the
voltage pulse was much longer, the current peak at the
leading edge was not observed. A rather small current
increase with increasing electric field was explained by
strong streaming in the case of scattering of hot holes
by optical phonons.

Features of the temperature dependence of the cur-
rents at the peak and at the plateau (see Fig. 4) confirm
the assumption that the high-field and low-mobility
domain which determines the current through the sam-
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Fig. 4. The temperature dependences of (1) the peak current
and (2) the plateau current for sample 2-524. Electric-field
strength equalsto 3 kV/cm.

ple is formed due to the transfer of hot holes from the
GaAs QWsto the Al ;Ga, /As barrier QWSs. It is possi-
ble to explain a decrease in the peak current with tem-
perature by a decrease in mobility of the high-mobility
holes in the GaAs QWSs due to scattering by acoustic
phonons; at the sametime, acertain increase in the pla-
teau current at temperatures slightly higher than 77 K
can be explained by an increase in the hole mobility in
the domain in the case of impurity scattering.

The domain-formation time considered for the clas-
sical case can be approximately expressed, according to
[6], as T = 3.5/W,E,, where |, is the charge-carrier
mobility in the lower valley (electrons in the case of
GaAs) and E,, is the electric field in a homogeneous
sample. In other words, product |, E,,, isthe carrier drift
velocity in a homogeneous sample. In the case of a
2D p-GaAs/Aly3Gay ;A s structure, the hole drift veloc-
ity in ahomogeneous sample and its dependence on the
electric field are characterized by the current peak and
by its dependence on the electric field. The rate of the
domain formation should be proportional to the hole
drift velocity. In fact, the electric field reciprocal value
of the domain formation time displayed in Fig. 3
(curve 4) is very similar to the dependence of the peak
current on the electric field, i.e., on the drift velocity.
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This result again confirms the validity of the domain-
instability model in the experiments described above.

CONCLUSION

The main results of this study are as follows:

(1) Static domain formation in p-GaAg/Al,;Ga,-AS
structures makes the main contribution to current level-
ing-off in high electric fields. Optical phonon scattering
yields a more gradual approach of the current—voltage
characteristic to saturation in much higher electric
fields.

(2) Due to heating of “2D holes’ in moderately
strong €eectric  fields, their energy in the
GaAg/Al,;Ga,,As structure may be higher than dou-
bled energy of an optical phonon for the mgjority of
holes. Due to this factor, hole transfer to the QWs in
barriers becomes probable.
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Abstract—Special features of the percolation transition in quasi-two-dimensional (quasi-2D) el ectron systems
(metal—nitride—oxide—semiconductor structureswith n-typeinversion channels) with a strong fluctuation poten-
tial (FP) and agatelength smaller than the correlation radius of a percolation cluster (in which casethe structure
conductanceis controlled by isolated saddle-point regions of the FP) are considered. Experimentally measured
dependences of the conductance on the field-el ectrode potential and the temperature are analyzed in the context
of the Landauer—Blittiker formalism. Energy parameters of the FP saddle-point regions and effective density of
electron states (N O m/Tth?) near the percolation level are determined from the experimental data. Consistency
between the experimental results and the proposed statistical model of the formation of FP saddle-point regionsin
quasi-2D systemsis demonstrated. It is shown that saddles transform into potential troughs extended in the direc-
tion of the percolation route as the percolation trough is approached. © 2001 MAIK “ Nauka/Interperiodica” .

Quasi-two-dimensional (quasi-2D) electron sys-
tems existing in metal— nsulator—semiconductor struc-
tures[1], which are widely used both in applications as
field-effect transistors (FETS) [2, 3] and in fundamental
studies of the metal—insulator transition [4], are inher-
ently disordered [5]. Due to the advances of modern
technology, disorder effects are usually related to the
presence of built-in charges located at impuritiesin the
doped layers or at traps (defects) in the gate insulator,
rather than to the structure nonuniforminty. Under dif-
ferent experimental conditions determined by the tem-
perature and the potential of the field electrode (the
gate), these effects show up in different ways and to a
variable extent.

The statistical ensemble of built-in charges induces
a chaotic potential relief and a fluctuation potentia (FP)
at the location of the quasi-2D electron channel [6].
When the fluctuation amplitude exceeds the typical
energy of quasi-2D electrons, specific features in the
electron transport are observed [7]. In modern FETS,
the density of impurities amounts to ~10' cm=. At
these densities of chaotically arranged built-in charges,
the FP amplitude may be aslargeas~ 100 meV [6], and
it is the FP that begins to control the electron transport
in semiconductor systems important for microel ectron-
ics. Thisfactor also makes the issue of the FP effect on
conduction in quasi-2D systems near the percolation

metal—insulator transition interesting from a funda
mental point of view.

Spatial redistribution of quasi-2D electrons caused
by the FP is accompanied by their localization in the
wells of the chaotic potentia relief [6] and resultsin a
dramatic change in the nature of electron transport:
under these conditions, percolation conduction takes
place [7], which proceeds by electron transitions
between the potential wells separated by the FP saddle
points. These saddle-point regions, acting as ballistic
quantum contacts between the wells [8], control the
properties of quasi-2D systems even at relatively high
temperatures. However, the view of the FP as smoothly
varying [6] leads to the conclusion that the characteris-
tic spatial scale (correlation radius [7]) of the percola-
tion cluster is macraoscopic.

A promising class of objects for investigating disor-
der effects in quasi-2D systems is represented by sili-
con metal—nitride—oxide—semiconductor (MNOS)
structures [2] in which the FP is primarily determined
by the charge state of traps in the region of the SO~
Si;N, interface [9]. The density of the charged traps n,
can be varied in the range of 10*-10* cm by con-
trolled electron injection from silicon, which occurs at
increased field-electrode voltages (~30 V) (see [2]).
This enables one to study the electron transport in a
wide range of FP amplitudes.

1063-7826/01/3504-0436%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. (a) Hall mobility asafunction of the channel conduc-
tivity at 77 K. (b) Dependence of \,, / E, on Vj (here, E, is
the longitudinal electric field, and V,, is the voltage between
the Hall probes). Curves 1 and 2, recorded in a magnetic
field of 1 T, correspond to the two opposite field directions;
deviation between them at Vy = 3.5V is due to the Hall
effect for o(Vy) = €?/h. An increase in the asymmetry volt-
age between the Hall probesat V< 3.5V isevidence of the

transition to the percolation conduction mode with atypical
scale for the cluster correlation radius L. ~ ,/E, [10, 11].

It was shown in recent studies [9-11] that the con-
ductance G of Si-MNOS structures with an n-type
inversion channel becomes percolation-controlled as
the gate potential V, islowered. Thisisaccompanied by
the disappearance of the Hall effect as the channel con-
ductivity fallsbelow the threshold value, about €?/h (see
Fig. 1a). For low V,, fluctuations of the voltage V,
between the Hall probes were observed (see Fig. 1b),
which makes it possible to evaluate the characteristic
cell size of the percolation cluster, or, in other words, its
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Fig. 2. Field-effect curves for the MNOS transistor struc-
tures with a“long” and a “short” channel (dotted and solid
lines, respectively) at (a) 77 and (b) 300 K; n,= (1, 2) 2.5 %

1012, (3) 4.5 x 1012, (4) 5.3 x 102, and (5) 6.5 x 1012 cm 2.
The conductance of a “long” transistor is adjusted to the
geometry of a“short” one.

correlation radius L, by the method proposed in [10];
the value thus obtained approaches~ 10 um. Theorigin
of these fluctuationsisrelated to the el ectrical asymme-
try between the Hall contacts, which exists (even for a
pair of contacts whaose locations are perfectly matched
geometrically) dueto the stochastic nature of the perco-
lation cluster and results in the appearance of an asym-
metry voltage on the order of | ~ L E,, where E, isthe
longitudinal electric field. The value of the asymmetry
voltage depends on the specific form of the percolation
cluster and varies when the latter is changed with vary-
ing V,, which leads to fluctuationsin V. This effect is
described in [10, 11] and represents one of the incoher-
ent mesoscopic phenomena [12, 13], which manifest
themselves when the length scale characterizing the
experimental conditions becomes comparable to L..



30K

g

Fig. 3. Experimental field-effect curves for a short-channel
MNOS structure in the temperature range of 4.2-120 K.

Here, we consider this effect only to obtain an estimate
of the correélation radius.

Since the estimated value of the correlation radiusis
aslargeas~ 10 um, it ispossible to fabricate S-MNOS
structures with the gate length L < L, where mesoscopic
effects can be observed. If, in addition, the gate width
W > L, the conductance of such a FET structure is
known to be controlled by individual percolation routes
of anomalously low resistance, which shunt the source—
drain gap (see [12, 13]). In turn, the conductance of
these percolation routes is determined by the segments
with the highest resistance, i.e., in our case, by isolated
FP saddle-point regions across the sample [11]. It is
possible that electron transport through these regions
proceeds in the quantum ballistic mode. In this case,
features typica of quantum quasi-one-dimensional
(quasi-1D) systems are observed in the conductance. In
other words, due to incoherent mesoscopic effects
(L <Lp), a single quantum-sized region that controls
the gquantum nature of the conductance of the entire
sampleis self-selected. Mesoscopic featuresin the con-
ductance of macroscopic samples, such as the appear-
ance of quasi-plateau regions with typical values G ~
2¢e?/h in the G(V,) curves, were observed experimen-
tally at temperatures from 77 to 300 K in the following
types of transistor structures with a short channel (L <
Lo) [9]: S-MNOS structures (L = 5 um, W = 50 um)
(Fig. 2); GaAs meta-semiconductor FETs (L =
0.8 um, W = 200 um); GaAs-AlGaAs high electron
mobility transistors with a thin (3 nm) spacer (L =
0.6 um, W= 60 um); etc.

ARONZON et al.

In this paper, using SI-MNOS structures with an
extremely high built-in charge density (limited by the
breakdown voltage of the gate insulator [2]) as an
example, we report the results of studying mesoscopic
(interms of [12], i.e, L £ L, € W) quasi-2D systems
under the conditions of a percolation metal—insulator
transition. Asin [9, 11], the structures have an n-type
inversion channel of length 5 and width 50 um and a
gate insulator with SiO, and SizN, layer thicknesses of
2.5 and 35 nm, respectively. In an effort to investigate
electron transport in disordered systems near the perco-
lation threshold, the structure conductance G was mea-
sured as a function of the gate potential V at different
temperatures from 4.2 to 300 K. Experimental details
arereported in [9, 14].

Dependences of G on the gate potential V plottedin
Fig. 3 reflect the formation of an inversion channel
under conditions of strong disorder for abuilt-in charge
density (which induces the FP) of n, = 1.6 x 10% cm™.
For low gate potentials (Vy < 5 V), an exponential
increase in G with both V,; and T is observed, which is
typical of such systemswhen the Fermi level €; isbelow
the percolation level [1, 5]. Intherange of 5V <V, <
10V, the dependence of G on V, becomes weaker, and
the quasi-plateau is observed. It should be noted that, at
low temperatures (T < 20 K), the conductance virtually
is independent of temperature in the quasi-plateau
region, which is evidence of the tunneling mechanism
for electron transport. The behavior of the dependences
G(Vy, T) for V, exceeding 10V, which is the value cor-
responding to theisotherm crossing at G ~ €/h, istypical
of the quasi-2D €electron systems under the conditions
of electron screening of the fluctuations [1].

Next, let us analyze, in the context of percolation
transition [ 7] involving FP saddle-point regions [8], the
main features in the dependence of G on V, and T for
the mesoscopic systems under consideration. In con-
trast to [8], finite tunneling transparency of saddle-
point regions for the Fermi energies below the saddle-
point level are taken into account. As previously
[9, 11], we assume that the conductance of the structure
(withL <L, < W) iscontrolled by the highest resistivity
segment of the lowest resistivity percolation route, i.e.,
in our case, by a single saddle-point region of the FP.
Following [15], we use the parabolic saddle point
approximation for the electron potential energy in this
region:

2 2 2 2
M X" Moy .
2 2

Here, V;isthe potential at the saddle point (which coin-
cides with the classical percolation level); m is the
charge carrier (€lectron) effective mass; and w, and w,
are the parameters characterizing the potential curva-

turein the direction of electron motion and in the trans-
verse direction, respectively.

V(X Y) = V- (1)
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At zero temperature, the transparency t(g;) of the
saddle-point region is given by the sum of the contribu-
tions t,(g) from quasi-1D channels corresponding to
the energies Vs + iy (n+ 1/2) (N =10, 1, 2,...); i.e, we
have

€ —hw,(n+12) -Vt
tle) = B+ expont 2N SR VAT (5

which results in the following dependence of the con-
ductance on the Fermi energy:

2 2
Ge) = i) = 5060 @

If Aw/2m < fiw, (e.9., in the case of 7w, ~ Ay, and & —
Vs<7iwy/2), only thefirst term (n = 0) in the sum can be
retained:

2¢°

_tO

G(sf) = h

(4)

_ 2¢’ [ ,.Et —ﬁ&)y/Z) _Vs[ﬂj—l
= —h—%H expD—Zn 7o, 0

Expressions (3) and (4) describe electron transport
through an FP saddle-point region; in particular, they
predict an exponential dependence G(g;) for & — V< 0.
It can be seen that, for A, fic, > KT, the saddle-point
conductance given by (3) and (4) (which determinesthe
conductance of the entire structure) acquires quantum
quasi-1D features. If & — Vs> 0 and Aw, < 2w, the
function G(g;) has a characteristic shape with steps at
multiples of 2e?/h. In another situation of %w, = Ay,
which is expected to be the case for the saddle-point
regions of the FP considered (see below), the function
G(&;) has only inflection points (maximaand minima of
the derivative 0G/0g;) at values of G that are multiples
of €/h (see Figs. 4, 5).

The saddle-point conductivity at finite temperatures
is calculated following the formalism devel oped in [16]:

G(g,) = 2%2 [de(-0F2e)t(e). (5)

Here, F isthe Fermi—Dirac distribution function.

The dependences G(g;) calculated for finite temper-
atures in the case of symmetric parabolic saddle-shape
potential (7w, = ) are plotted in Fig. 4. Tempera-
ture-independent points, where conductance equals
Go(L/2 + n) (where n = 0, 1,...), are evident in the
curves. The derivative 0G/0¢:(G) has maxima at these
points. It can be seen that, for KT < A,/211, the conduc-
tance becomes virtually independent of the tempera-
ture.

Under the same conditions, the derivative 0G/0¢; as
afunction of G and the temperature dependence of the
reciprocal value of the derivative maximum at G = €/h
were calculated; the results are shown in Figs. 5a and
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Fig. 6. Temperature characteristics of the derivative 0G/0V
obtained from the data shown in Fig. 3.

5b, respectively. The calculations indicate that, for 0 <
KT/hw, < 1, the value of (0G/0g;)~ at G = €%/h depends
linearly on the temperature and can be approximated by
the following expression:

2
oG___¢e/h ()
0gs AW JT+KT

In other words, if the line describing the dependence of
(0G/0og;)™ on KT is extended to cross the abscissa axis,
the length of the axis portion from the origin to the
intersection point is equal to Aw /T This makesit pos-
sible to obtain an estimate for 7wy,

Expressions (5) and (6) can be used to predict the
behavior of the experimentally measured curves G(V,),
in particular, the existence of an extremum of the deriv-
ative 0G/0V, at G = e?/h (see Fig. 6a). Indeed, an incre-
ment in the quasi-2D electron density dn, at the semi-
conductor surface, resulting from an increase in the
field-electrode potential 9V, can be related to a change

0¢; in the Fermi energy in the following way:
ong = CoVy/e = Ng0¢;. (79)

Here, C isthe gate-insulator capacitance and N is the
effective density of electron states near the semicon-

ARONZON et al.

ductor—insulator interface. Thus, it can be concluded
from (6) and (7a) that the derivative dG/0V,(G) of the
experimentally measured field-effect curves

9G _0G C
0V, 0gieNy’

(7b)

should have an extremum in the vicinity of G ~ €/h
whose temperature dependence can be used to obtain
an estimate for A1, (see Fig. 6b). It should betakeninto
account that the value G = €%/h corresponds to a fixed
position of the Fermi level (independent of temperature
for KT < #iw/2m), determined from & — Vg = 7w, /2,
which follows from (4) and can be seen in the curvesin
Fig. 4.

The derivatives 0G/dV,, of the experimentally mea-
sured G(V,) curves are plotted against G in Fig. 6a. As
expected (cf. Figs. 5aand 6a), dG/dV,, has an extremum
inthe vicinity of G = €/h. It isdemonstrated below that
the shift of the extremum to values of G smaller than
e?/his caused, in particular, by the energy dependence
of the density of fluctuation states and, more precisely,
by anincreasein N with &[6] (i.e., with G). According
to (6) and (7b), at low temperatures, the value of
(0G/oVy)™ at G = €?/h depends linearly on the temper-
ature (Fig. 6b). Extrapolating the temperature depen-
dence of (0G/dV,y)™ to the intersection with the hori-
zontal axis, the estimate we obtain is 7w, = 100 meV.

Let us consider the factors that control the behavior
of the experimentally obtained plots dG/dV, vs. G and
their deviation from the calculated 0G/dg; dependences.
Thesefactors are the effective density N of fluctuation
electron states at the semiconductor—insulator interface
in the percolation-transition region (which isinaccessi-
ble for investigation by classical spectroscopic tech-
niques, i.e., by equilibrium C-V methods and relax-
ational ones, such as DLTS [17]) and the parameter
hw,, which can vary with €; due to the deviation of the
shape of the saddle-type potential from the parabolic
one.

In the low-temperature region (KT < Aw,/21), the
derivative 0G/d¢; can be expressed, according to (4), as

dG _ G[1-G/(2€’/h)]
0g; ho, /21 ’

which enables one to determine the dependence of
0G/0g; on G, once the dependence of 7w, on & (or V)
is known. Using Eq. (7b), one can compare the depen-
dence of 0G/0¢; obtained using Eq. (8) with the experi-
mental data for 0G/0V,. Furthermore, the parameters
Ng and Aw, can be related to the experimentally mea:

(8)

sured quantities G and V, by
_ 2mC@In((2€°/h)IG-1)7"
Nefi, = === >, 5.0
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In Fig. 7, the product 7#wNg (which stands on the
left-hand side of (9)) normalized to the density of states
in a2D channel D = 2mV14? is plotted as a function of
G. Thedisplayed curveswere obtained at 4.2 and 10 K;
thisis within the temperature range in which, as it was
noted above (see Fig. 3), the conductance is virtually
independent of the temperature for the gate voltages
corresponding to the Fermi level above the classica
percolation level (roughly, & > V). The range of V,
where this condition is satisfied corresponds to the pla-
teau region in the G(V,) curves, and it is this range that
isof interest to usinthisstudy. InFig. 7, one can clearly
see the range of V,; bounded from below, where experi-
mental point arrangement isindependent of the temper-
ature; obvioudly, this range corresponds to G =
0.05(2¢€?/h). The latter estimate is consistent with those
derived from (4). Analysis of the temperature depen-
dence of G(V,) for smaller G will be the subject of a
separate study to be carried out later.

The data represented in Fig. 7 indicate that under
strong band bending (i.e., when the Fermi energy is
considerably higher than the percolation level: & —V, ~
hw,/2 and G ~ €/h), the quantity 2wNy/D is nearly
constant, and its value agrees well with the estimate
fw, = 100 meV, which is obtained from the experimen-
tal temperature dependence of the derivative 0G/dV,
(see Fig. 6b). This means that when the Fermi energy
&— Vs = hwy/2, the effective density Ny of electron
statesis close to the value D = 2m/Tt42. However, when
G (i.e., &) decreases (with decreasing V), the function
hwNg/D drops sharply, which can be related to a
decrease in both Ng and Aw,. It is known [6, 18] that
fromitsvalue a € > V; (which is about D), the density
of fluctuation states falls off exponentially towards the
middle of the semiconductor band gap. It isalso known
[18] that the density of statesin 2D systems at the per-
colation level (i.e., for & = V) isreduced by about afac-
tor of two compared to its value for the case g — V, 2
fiwy/2; i.e, it equals ~D/2. According to (4), the con-
ductance is then equal to G = (2e?/h)exp(-Ttw/w,) =
(2e?/n)exp(-m) for Aw, = hw,. Meanwhile, it can be
seen from the experimental data (Fig. 7) that in the
range of G from (2e?/h)exp(-m) to €%/h, the function
hwNg drops more steeply, almost by an order of mag-
nitude; this is evidence that the parameter 7w,
decreases sharply with decreasing Fermi energy in the
range V < & < Vs + 1w, /2.

Such behavior of the parameter #w, can be under-
stood in the context of the following simple physical
picture. Under high gate potentials corresponding to
the condition & = 7.0,/2 + Vg, the bottleneck region of
the FP, which determines the system conductance, is
shaped as a single saddle point with the parameters
hwy = hu,. On the other hand, near the percolation level
(g: < V), the potentia relief profile has a markedly dif-
ferent shape: the bottleneck isformed by a set of saddle
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Fig. 7. Dependence of the parameter w,N/D on G in the
low-temperature region (4.2-10 K).

points connected in a series. Such arelief should actu-
ally be considered as a potentia trough extended in the
direction of electron motion, rather than a symmetric
saddle point. This manifests itself in a decrease in the
parameter A0, from ~ 100 to ~ 20 meV (Fig. 7). Taking
into account that in the V, range corresponding to
(2¢?/h)exp(=m) < G < €*h the conductance becomes
temperature-independent a8 T < T,, = Aw/21T and
assuming that 4w, = 20 meV, we obtain an estimate
T, = 30 K, which agrees with the experimental data.

Analyzing the experimental curves G(V,), we can
also obtain an estimate for the parameter 7,. For this
purpose, let us use expressions (4) and (7a), which
relate G and V; to &;. It has already been noted above
that the values of the Fermi energy determined by &; —
Vs = /2 and & — Vs = 0 correspond, respectively, to
the values of the conductance G = €*/h and
(29 h)exp(-Ttw/w,) = (2e?/h)exp(-T) (for i, = Aw,).
Consequently, the Fermi energy changes by 8¢ = 7.w,/2
as G varies in the indicated range. According to (7a),
such change in the Fermi energy corresponds to a
change in the gate potential oV, = & ellN[IC, where
N, [lis the density of electron states averaged over the
energy range 0 < & — V, < fiw/2. Thus, Aw, =
CoV/ellNL] Taking into account that, in this energy
range, Ny varies between D/2 and D [6, 18], which
means that D/2 < N [I< D, we find that 206Vg/eD <
iy, < 4C3V /eD.
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Fig. 8. (1) Relative height V,,, — Vg of the potential relief
“hills,” meV; (2) parameter fiwy, meV; and (3) the ratio
w,/, asafunction of the fluctuation N — INCin the number

of built-in charges on the area Ts%. The calculations were
carried out for the spacer thicknesss=2.5nmand ng=1.6 x

10'3 cm™ (INCk 3); the screening effect of the field elec-
trode was disregarded.

Calculations relying on the low-temperature (T <
10 K) part of the data presented in Fig. 3 yield an esti-
mate 70 meV < #w, < 140 meV. Thus, in agreement
with the assumption made above, for & —V, < huyz, the
asymmetry of the FP saddle-point regions is small:
fiw, = iy, = 100 meV.

Next, let us consider the correspondence between
the parameters 7., and 7w, obtained from the experi-
mental data analysis and a simple statistical model of
the saddle-point region formation in the chaotic poten-
tial relief in quasi-2D systems. It followsfrom the prop-
erties of the FP correlator [6] that the spatial scale char-
acterizing the channel local domains of uniform poten-
tial distribution is determined by the spacer thickness s
(the distance between the quasi-2D electron channel
and the plane of built-in charges). In the S-MNOS
structures under investigation, s is equa to the thick-
ness of the SIO, layer (s = 2.5 nm). For the built-in
charge density n, = 1.6 x 10% cm, alocal domain of
area T? contains, on average, INC= 1s°n, = 3 built-in
charges. The deviation of the random number N of the
built-in charges within this area from the mean value
NCresults in the formation of chaotic-relief potential
wells filled by electrons (for N < IN[) and peaks (for
N= [N[); saddle points are formed between these
peaks.

Obvioudly, the approximation of the parabolic sad-
die-point potential [12] used above is valid only under

ARONZON et al.

the condition that the energy spacing V,, — V, between
the saddle point V, and the nearby fluctuation peaksis
considerably greater than the value of 7.w,. The height
of the peaks V,,,= €%(N — INL)/ks (where K isthe permit-
tivity in the region near the Si-SIO, interface [6])
increases with increasing N, while the average distance
R between the peaks decreases due to the reduction in
the probability P(N) of strong fluctuations in the value
of N: R= 29/P(N)V?; evidently, this leads to a decrease
in 2wy, [15]. Thus, it can be expected that the condition
Vimn—Vs 2 fu, beginsto be satisfied from values for some
N = [IN(due to the statistical nature of the fluctuations.

Based upon these considerations, under the assump-
tion of the Poisson probability distribution for the fluc-
tuations of N, for INO= 3, we calculated the saddle-
point potential between the two domains of size s and
charge e(N — IN[) separated by adistance R(N), the sec-
ond derivatives of the potential with respect to coordi-
nates x and y that determine the curvature parameters at
the saddle point (7w, and Awy), and the energy spacing

m s

The calculation results, shown in Fig. 8, demon-
strate that the condition V,,, — Vg = fiw, is satisfied for
quite reasonable values of N, their difference from the
mean value (INObeing within the standard deviation
[NC¥2. The use of the symmetric saddle-point potential
approximation (w, = #iw,) is also justified by these
results (see Fig. 8, curve 3). One can also see that the
calculated values of 7w, and Aw, (the region of inter-
section between curves 1 and 2 in Fig. 8) agree with the
experimentally derived estimates fw, = hAw, =
100 meV. This substantiates the basic possibility of
observing quantum effectsin the conductance of disor-
dered semiconductor structures at sufficiently high
temperatures determined by KT < {Aw/21T (V,, — Vs —
fiwy/2)}. In the case under consideration, these are
lower than room temperature (see Figs. 2, 3).

In conclusion, we note that the experimental results
confirm unambiguously the tunneling nature of the
conductance of short, highly disordered MNOS struc-
turesin the quasi-plateau region. Experimentally deter-
mined energy parameters characterizing the curvature
in the saddle-point region that defines the conductance
agree with the simulation results obtained in the context
of afluctuation potential statistical model.
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Abstract—The effect of a high constant electric field on plasma oscillations in the two-dimensional eectron
gas of asemiconductor with a superstructure was studied taking into account the Umklapp processes. A disper-
sion relation for the plasma-oscillation frequency w(k) was derived for high temperatures (A < T, where A is
the conduction miniband width and T isthe temperature in energy units). The plasmon frequency in ahigh elec-
tric field is shown to oscillate as the electric field strength and the wave number k vary. For arbitrary values of
k, the spectrum is periodic with a period of 2r7/d. Numerical estimates show that the oscillations may manifest
themselves at electric field strengths higher than 3 x 103 V/cm. © 2001 MAIK “ Nauka/ I nterperiodica’ .

Recently, interest in two-dimensional (2D) elec-
tronic structures in systems with periodic potential has
been aroused. Fabrication of such 2D superlattices
using electron-beam lithography and reactive ionic
etching has been reported previously [1]. The Shubni-
kov—de Haas oscillations of 2D electrons residing in a
2D periodic potential with a period d = 0.24 pm were
studied in[2]. A fabrication method for GaAlAS/GaAs-
based 2D electronic structures has been proposed [3].
The energy spectrum in these structures can be
described by the tight-binding approximation with
good accuracy. The possibility of solitary electromag-
netic wave propagation in 2D superstructures has been
demonstrated in [4]. The possibility of plasma oscilla-
tions in the 2D electron gas in superstructures was
investigated in [5]. It is also known that a sufficiently
high constant electric field applied along one of the
superstructure axes [6] markedly affects the electron
spectrum, and the so-called Stark quantization occurs.
In this context, it is interesting to study the effect of a
high constant electric field on plasmaoscillationsin 2D
superstructures and, in particular, on the wave-number
dependence of the frequency of these oscillations.

Let us consider a2D electron gasin asystem with a
periodic potential. A high constant electric field satisfy-
ing the condition Qt > 1 (where T isthe electron mean
freetime, Q = eEd isthe Stark frequency (% = 1 hereaf-
ter), d isthe superstructure period, and E isthe electric-
field strength) will be described by a time-dependent
vector potential A(t) = {—Et, 0} (the electric field
being directed along the X axis). Thus, we use the Cou-
lomb gauge for potentials. The electron dispersion law
is the conduction miniband in the absence of an electric
field and is described in the tight-binding approxima-
tion as

£(p) = A—%[cospxd + cosp,d], (1)

where A is the conduction miniband half-width, and p,
and p, arethe electron quasi-momentum componentsin
the superstructure plane.

In the self-consistent field approximation, the
Hamiltonian of interacting electrons, with the Umklapp
processes taken into account, can be written by anal ogy
with the 3D electron gas[7] as

. 1
H = e(p—eEt)a,a, + e——

2EP MR TORN,

P 2
x U (k, )M (k)M(K,)ay i+ 43p,
p,knm

where a; and a, are creation and annihilation opera-

tors, respectively, for the electron with the quasi-
momentum p; N, and N, are the numbers of potential
wellsforming the superstructure along the x and y axes,
respectively, where g = (n2rvd, m2rvd);

N,d
M (k) I o* (X) 0 (x) exp(—ikex)dx,
o (3
M(ky) I o* ()9 (y) exp(=ik,y)dy,
0
U(k, t) is the self-consistent potential defined by the
expression
2re
xk

and x isthe dielectric constant of the crystal lattice (the
broken brackets indicate averaging over the density
matrix corresponding to the Hamiltonian (2)). The

U(k,t) = S5 S G gaf M(kM(K,), (4

p nm
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equation of motion in the random-phase approximation
for the mean values [&; , . ; &, CIs written as

=9 +ile(p+k—ED) —£(p — €EV)] (1B 11 5,0

|
Pt O 5)
= —ieU(k + g, YM(K + gl )M(K + a],) (Mg 4 g — ),

where n, = m; a,are electron-level occupation num-

bers for the 2D electron gas. Inserting the solution of
Eq. (5) into (4), we perform certain transformations and
obtain the following expression for the Fourier compo-
nent U(k, t):

~ _2ne’ . .
U(k, w) = W%%M (kaM* (k) ©
x M([k + gl IM([k +g],)N (k, 0)U(k +g, w).

Here,

Mk w) = ZZJ[ Ekxdﬂ}

Nosk—Np
“E(py T k) —£(p,) — @+ 10

(7)

is the polarization operator. The equation determining
the dispersion law w(k) follows from (6) and is written
as

2%en(k WSk = 1, ©)

where

9)

SK) = Z|M([k+g]x>|2|M([k+gly>|2.

JU+ )%+ (K, + g,)°

From relations (7)—9) it follows that the plasma fre-
guency depends periodically on the wave vector with a
period of 21vd. Therefore, we can restrict ourselves to
considering the oscillation spectrum within the first
Brillouin zone; i.e.,

—md<k,<md, -md<k,<md. (10)

The specific shape of the potential wells forming the
superstructure must be known to calculate the factor
SK). We consider the case when ¢(X) = congt for 0<x<d
and ¢(X) = 0 for d < x < 0. Hence, expression (9)
becomes

4
k = —
S(k) 7

N z (1 - cosk,d)(1 - cosk,d) (D

Lo (ke + 0)7(ky + 0,) 2 (ke + 602+ (K, + 0,)°
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The sum (11) cannot be expressed in terms of tabulated
functions for arbitrary k. For small k(k,, k, < 1vd), the
function k) varies as 1/|k|.

Let us now consider the nondegenerate electron gas
for which

n(p) = exp[—€(py Py)/TI, (12)

where T is the temperature in energy units. Calculation
of the polarization operator issignificantly simplified at
high temperatures: 2A < T. Thus, we obtain

O 2
Nk, w) = _¥)%_%TZJI (2)
| (13)

1

wdz a
Iw sin(k,d/2)sinz

where N, is the surface density of the 2D electron gas,
_ Ao

0 =(w-1Q)/A, Z= -dstZ 0

function of the real argument. Integrating (13), we

obtain the following expression for the polarization
operator:

Nk, w) = —¥)[1— Z Jﬁ(Z)A/_z
n W

0 and J(2) isthe Bessdl

w
—sin(k,d/2)?
sin(k, )(14)

i 2 )
-— J.(2) :
4"% Jsin((k,d12)? - @?)
Here, summation over n and m is restricted by the
inequalities

- w—Alsin(k,d/2)|
Q
ok A|sin(kyd/2)|’
Q
w—Alsin(k,d/2)| <m< w+ A|sin(kyd/2)|.
Q Q
We now consider the case of Q > Asin(kd/2).
Then, two different situations have to be distinguished.
Q> w,kd<1
Inthiscase, we may retainin (14) only theterm with

n = 0. In view of (8), the plasma frequency is then
given by

(15

F(k, Q)

Y 2F(k, Q) -1 (10

where

F(k Q) = 1+q°J3(2)S(k)/2,



446

w, 101357

[—
[\
T

—
=]
T

]
0 0.1 0.2 0.3 0.4 0.5
k.d/2m

The w(k,) dependencesfor the concentration Ny = 101 cm™,
d=10"%cm,A=10"2eV, k,=10% cm™, and the A/Q param-
eter equal to (a) =0.1, (b) =1, and (c) =10.

V., = Ad/2 is the characteristic velocity of electronsin
the superstructure, and q = (41e?Ny/xT)¥? is the recip-
rocal Debye radius.

An oscillatory field dependence of the plasma fre-
guency at ahigh electric field follows from (16). A sim-
ilar result was obtained for plasma oscillationsin a 1D
superlattice subjected to ahigh electricfield [7]. In both
cases, the oscillations stem from the geometrical reso-
nance between the plasmon wavelength and the ampli-
tude of the Stark oscillations of electronsin ahigh elec-
tric field. The w(k) function calculated numericaly
with (11) and (16) is plotted in the figure.

If kd<<1, kyd <1, andk = ky, the plasmon spec-
trum has adispersion ¥ [0 k, which is characteristic of
plasmawavesin a2D electron gas|8, 9].

(i) Q > A.
In this case, the Bessel function can be expanded in

the Taylor series. In a zero-order approximation with
respect to Z, for the plasma frequency, we have

_ AL kd o F(K)
w=A sm% —«/W)—l 17)

where F(k) = 1 + g?S(k)/2. Thereisno field dependence
of winthis case.

Thereisno Landau attenuation in the approximation
Q > Asin(k,d/2) considered above. This attenuation is
possible only if the plasma frequency w satisfies the
condition

mQ —A sink%d <w<mQ +A sin%j. (28

GLAZOV, KRYUCHKOV

In fact, the physical mechanism of the Landau attenua-
tionisrelated to the absorption (emission) of aplasmon
by a particle. The energy conservation law for this pro-
cessisgiven by

8n( py) - em( Py t ky) = FW, (19)
where the upper sign corresponds to the plasmon

absorption. Substituting the electron energy spectrum
in the presence of ahigh electric field

€,(py) = NQ—Acos(p,d)/2

into (19), one can verify that Eqg. (19) holdsonly if con-
dition (18) is satisfied.

Let us make some numerical estimates. In order for
the w(k,) oscillation dependence to be pronounced, as
followsfrom (16), the Bessel function argument Z must
be at |east larger than Z, = 2.41 (the smallest root of the
Bessdl function). The first minimum in the figure is
bound to be observed at E = 3 x 10° V/cm under the
condition that A = 102 eV and k= 8 x 10* cm™.
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Abstract—Thetransition from closed to open electron orbitsin a magnetic field has been studied by polarized
hot electron photol uminescence (HEPL) in superlattices with varied widths of electron minibands. The depen-
dence of the HEPL depolarization on the miniband width is observed. The strong depolarization occurring
when the kinetic energy of electrons exceeds the energy gap between the minibandsisinterpreted in terms of a
magnetic-field-induced transition between the electron minibands (magnetic breakdown). © 2001 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

Recombination of electrons with the wave vector
k = (K, Ky, k;) in111-V semiconductors givesriseto lin-
early polarized radiation [1-3]. The degree of linear
polarization of photons with wave vector g,, generated
by the recombination of eectrons with wave vector k
and heavy holes, is

Ky — K&

B k§+k§+2k§'

P N

The degree of linear polarization of photons emitted in
the zdirection isdefined by p, = (I,—1,)/(I + 1), where
I, (ly) is the intensity of luminescence with photon
polarization g, lying along the x (y) axis. In an exter-
nal magnetic field, the Lorentz force changes the direc-
tion of the electron wave vector, which, in accordance
withrelation (1), leadsto depolarization of the hot €l ec-
tron photoluminescence (HEPL) [1]. In a bulk crystal,
charge carriersmove along cyclotron orbitsin the plane
perpendicular to the direction of the applied magnetic
field, this motion being independent of the magnetic
field orientation with respect to the crystal axes in the
case of spherical symmetry. Such cyclotron motion
causes HEPL depolarization only when the symmetry
axis of the quasi-momentum distribution of photoex-
cited electrons does not coincide with the magnetic
field direction. The character of carrier mation is
strongly modified in crystals of lower dimensionality.
In guantum wells (QWSs), charge carriers still execute
cyclotron motion when the magnetic field is perpendic-
ular to the QW plane, but thismotion isforbiddenin the
case of a magnetic field (in-plane) if the QW width is
less than the magnetic length: L, < Iz, where L, is the
QW width and |5 = (Ac/eB)Y? is the magnetic length.

Accordingly, the HEPL depolarization in a magnetic
field is either observed (when the field is perpendicular
to the QW plane) or not (in the case of an in-planefield)
[4, 5]. In superlattices (SLs), the magnetic field affects
the carrier motion both when the field direction coin-
cides with the direction of the SL growth and when the
field vector liesin the plane of the SL layers[5].

In this study, we analyzed the electron motion in a
magnetic field in superlattices with broad electron
minibands. In distinction to the case discussed in [5],
the kinetic energy of electrons was able to significantly
exceed the energy of thefirst forbidden band separating
the first and the second electron minibands. This
enabled a study of the magnetic-field-induced transi-
tion between the electron minibands.

2. EXPERIMENT

The experiments were performed using
GaAg/AlL Gy, _,As superlattices with x = 0.2—1 doped

with Beto ~10'8 cm3. The QW and barrier widthswere
fixed at 40 and 6 A, respectively. Hot electron photolu-
minescence was excited by a tunable Ti sapphire or
(R6G) dye lasers pumped by an Ar-ion laser. Photolu-
minescence was detected with a SPEX 1404 double-
grating monochromator equipped with a GaAs photo-
multiplier and photon counting system. The HEPL
depolarization was studied in B < 14 T magnetic fields
with aVoigt (the in-plane magnetic field being perpen-
dicular to the photon wave vector) or Faraday configu-
ration (the magnetic field being aligned with the SL
growth direction and the photon wave vector). The lin-
ear polarization was measured at the maximum of the
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Fig. 1. Linear polarization p; vs. the magnetic field at the

maximum of the zero-phonon HEPL peak: (a) Faraday con-
figuration for 40 A/6 A SL; solid line represents an approxima-

tion by a function of the type p;(B)/py(0) = [1 + (B/By»)21
(b) Voigt configuration for bulk GaAs (1), QWs (2), and
narrow-miniband SL at kinetic energy of electronse ~A4 (3)
and € ~ 27\, (4).

zero-phonon HEPL peak [5] and its value was deter-
mined using the standard expression

= hi=lo @

where |, and I are the luminescence intensities with
polarization being parallel (e, || €) for the former or
perpendicular for the latter to that of the exciting light
(eum 0 &) In the Voigt configuration, two quantities
were measured, p, and pp, with the el ectric vector of the
exciting light parallel and perpendicular, respectively,
to the magnetic field.

3. RESULTS AND DISCUSSION

Figure 1a presents the degree of linear polarization
p, vs. the magnetic field in the Faraday configuration
for one of the SLs studied. Similar to the bulk sample
[1], QWSs[4], and SLswith narrow electron minibands
[5], the degree of linear polarization also decreasesin the
magnetic field with the behavior of the depolarization
curve p,(B)/p(0) = [1 + (B/By,)?]™ (By, isthe field in
which the polarization is reduced by half) being inde-
pendent of the kinetic energy of electrons. In the Voigt
configuration (Fig. 1b), the HEPL depolarization man-
ifests itself in different ways in QWs, SLs, and in the
bulk. The HEPL polarization in the bulk decreaseswith
an increasing magnetic field, smilar to the Faraday

SAPEGA et al.

configuration (data set 1 in Fig. 1b); however,
P(B)/p)(0) — 0.63 for B — . Inthisconfiguration,
the magnetic field is aligned with the symmetry axis of
the electron momentum distribution function and,
therefore, the decrease in py(B) can only be understood
after considering the valence band warping. In QWs
with L, = 150 A, the magnetic field does not affect the
HEPL polarization in experimentally obtainable mag-
netic fields (data set 2 in Fig. 1b). In SLs with narrow
electron minibands (i.e., in SLswhere the first electron
miniband in the SL growth direction is narrower than
the energy gap between thefirst and second minibands:
A, < D), the effect of the magnetic field on the polar-
ization depends on the kinetic energy of electrons. The
degree of polarization markedly increases with the
magnetic field (rather than decreasing, as occursin the
bulk) when the kinetic energy of electrons (€) is lower
than or equal to the first miniband width (Fig. 1b, data
set 3). The polarization depends on the field only
dightly (Fig. 1b, data set 4) when the kinetic energy of
electrons lies within the first forbidden band separating
the first and second allowed minibands of the SL.

For SLs with broad electron minibands (A; = Ag),
the magnetic-field behavior of the polarization differs
from that in the bulk and from SLs with narrow mini-
bands. Figure 2 shows the linear polarization vs. the
magnetic field in the Voigt configuration for an SL with
the following miniband parameters (calculated in terms
of model [6]): A; =232 eV, Ag =77 meV, and adistance
between the bottoms of the first and the second mini-
bands of A, + Ag = 309 meV. When the kinetic energy
of electrons lies within the first miniband (¢ < 4,), the
depolarization curve for this SL is similar to the curve
obtained for bulk GaAs (compare data sets 1 in
Figs. 1b, 2). When the electrons are excited to energies
withinthe band gap (A; < € <A; + Ag), the effect of the
magnetic field on the HEPL polarization is weak,
which is similar to what happens in QWSs or SLs with
narrow minibands at energies exceeding the width of
the first miniband (compare data sets 2 or 4 in Fig. 1b
with data set 2 in Fig. 2). With the electron energy
increasing further (e > A, + Ag), i.e, a an energy
exceeding the energy of the second miniband bottom,
bends in the depolarization curves are observed

(marked by arrows Bi0 in Fig. 2) with the correspond-

ing magnetic field Bi0 decreasing with increasing
kinetic energy of electrons.

Now we consider the reasons for the anomalous
behavior of HEPL polarization in SLswith broad mini-
bands. Hot electron photoluminescence polarization in
narrow-miniband SLs was discussed in detail in [5]; it
was shown that in the strong-coupling approximation,
the electron motion in the Voigt configuration is
described by the pendulum equation. In this model, the
miniband quasi-momentum Q, of electrons moving
mainly in the direction of the SL growth (at € < A,)) is
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transformed in the magnetic field into a lateral quasi-
momentum Kk [5]. At the same time, the field-aligned
component of the lateral quasi-momentum k; remains
unchanged. If the magnetic field is aligned with the

electric vector of theexciting light (B || € || X), then kj

in (1) can be replaced by k2, and ki, by ki [see
Eq. (1)]. In this case, the degree of HEPL polarization
Py increases (see Fig. 1b, data set 3). If the lumines-
cenceis excited by light with polarization B O e, || X,

the replacement k% = k? and k; = ki should be done
in Eq. (1). Analysis of (1) shows that, in this case, the
degree of polarization p decreases with an increasing
magnetic field [5] (this situation is not considered
here).

In contrast to narrow-miniband SLs, p;(B) decreases
with an increasing magnetic field in SLs with broad
minibands, asin the bulk case. This behavior of HEPL
polarizationin broad-miniband SLsat € < A, ispresum-
ably due to the tight-binding approximation not appli-
cableto this case (asshownin [7]). Nevertheless, asfor
narrow-miniband SLs, the HEPL polarization is nearly
unaffected by the magnetic field when the Kinetic
energy of photoexcited electronsfallswithin theforbid-
den band. In this situation, the electrons move along
open orbits in k-space, and the change in the k; quasi-

momentum component issmall (Ak; O ,/2m A, ) com-

pared with the total lateral quasi-momentum, and,
therefore, the change in polarization is aso small. In
broad-miniband SLs, the situation changes fundamen-
tally when the kinetic energy of electrons exceeds the
energy of the bottom of the second electron miniband:
€ = A; + As. Inthis case, the electrons generated in the
first miniband continue moving along open orbits and,
therefore, the magnetic field cannot substantially affect
the HEPL polarization (Aky < k). However, electrons
can be thrown into the second miniband by inelastic
scattering on polar optical phonons or via tunneling in
the magnetic field. Evidently, the additional intersub-
band scattering on polar optical phonons cannot give
rise to the bend in the depolarization curves (additional
scattering can only increase the half-width of the depo-
larization curve). We suppose that the bend in the depo-

larization curves(Bi0 in Fig. 2) and its dependence on

the kinetic energy of electrons are associated with the
magnetic-field-induced transitions between electron
subbands (known in the theory of metals as magnetic
breakdown). As is shown in the theory of metas, a
magnetic field can induce transitions of electrons
between the electron subbands, which was manifested
in the experiment as a variation of the period of the
Shubnikov—de Haas oscillations (recently, magnetic
breakdown has been observed in lateral semiconductor
SLs[8, 9]). Thetransition from acyclotron orbit of one
band to a cyclotron orbit of another occurs when the
distance dk between the orbitsin k-space is small com-
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Fig. 2. Linear polarization p) vs. the magnetic field at the

maximum of the zero-phonon HEPL peak in theVoigt config-
uration for abroad-miniband SL at the kinetic energy of elec-
tronse =102 (1), 243 (2), 293 (3), 321 (4), and 332 meV (5).
Points 2 correspond to electrons with kinetic energy within
the first forbidden band, and points 3, to electrons with
energy equal to the energy of the bottom of the second mini-
band.

pared with the uncertainty of the electron wave vector.
For metals, the tunneling of electrons with the wave
vector lying on the Fermi surface occurs when ok ~ |g.
This condition can be written in an aternative form:

2

Agap
" g Ginze' ®)

where . is the cyclotron frequency, Ay, is the energy
distance between two el ectron minibandsin the tunnel-
ing region, Eq is the Fermi energy, and 6 is the angle
satisfying the Bragg scattering condition. Evidently,
this condition is also applicable to SLs. To assess the
possibility of magnetic breakdown in SLs, the Ay, in
(3) should be replaced by Ag, the forbidden band sepa-
rating thefirst and second el ectron minibandsinthe SL,
and, instead of E, the kinetic energy of electronsin the
first miniband should be used, which is in turn deter-
mined by the energy of an exciting photon. Therefore,
the conditions alowing the observation of magnetic
breakdown can be created by an appropriate choice of
SL parameters and photon energy. Hence, adecreasein
Py would be expected in a magnetic field satisfying the
breakdown condition. Indeed, due to the conditions of
magnetic breakdown, the electrons with the quasi-
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momentum component K, are scattered into the second
miniband; consequently, their contribution to the distri-
bution function decreases, thus depressing the pol ariza-
tion [see relation (1)]. Evidently, the characteristic
magnetic field at which an abrupt change in polariza-
tion occurs depends, according to (3), on the kinetic
energy of electronsin the first miniband. The probabil-
ity of magnetic breakdown can be ascertained, in anal-
ogy with [10], by substituting the kinetic energy of
electrons € for Ex:

2
expl—Be [
U 4nw.esin(20)U

It is this genera tendency that is observed in the
experiment. In the experimentally accessible magnetic
fieldsB = 14T, Az = 80 meV, and when electronsin the
first miniband have energy dlightly exceeding the
energy of the bottom of the second miniband, € ~
310 meV, expression (4) yields P = 0.34. With the
kinetic energy of electronsincreasing further, the prob-
ability P increases, and is manifested by the bend in the
depolarization curves shifting to lower magnetic fields.

P = 4)

4. CONCLUSION

The depolarization of HEPL from SLsinamagnetic
field has been studied. Anomalous behavior of the
depolarization in the Voigt configuration is observed
when the kinetic energy of electrons in the first mini-
band exceeds the energy of the bottom of the second
miniband. This feature, manifesting itself asabend in
the depolarization curves, is accounted for by the effect
of the magnetic-field-induced tunneling of electrons
from the first to the second miniband (magnetic break-
down).
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Abstract—The effect of nanosecond-pulse radiation of a Nd laser (pulse duration T = 10 ns, wavelength A =
1.06 um) at 300 K on the parameters of Cd, 19H0g g1 Te photoresistors was studied. At the optimal energy den-
sity W= 0.2-0.3 Jcm?, the surface melts to yield a 0.04-0.52-pum-thick inversion layer with increasing sensi-
tivity and detectivity of the photoresistors. At higher energy densities W, the parameters of the photoresistors
deteriorate, and the dark resistance grows. © 2001 MAIK “ Nauka/lInterperiodica” .

Photoresistors based on Cd,Hg, _,Te solid solutions
are widely used in both modern IR technology and sci-
entific research. Various methods are known for surface
treatment of the sensitive elements of these devices to
improve their photoel ectric parameters and characteris-
tics. One of these techniquesis the pulsed laser anneal-
ing (PLA).

The action of pulsed laser radiation on Cd Hg, _,Te
has been the subject of several studies, mainly con-
cerned with the effect of radiation on the physicochem-
ical properties of the modified layers. One of theimpor-
tant PLA parameters is the energy density W at which
the surface layer melts. In [1-3], attempts were made to
determine the Cd,Hg, _, Te melting threshold under the
action of nanosecond pulses of ruby laser. The obtained
data are contradictory, with the threshold W values
ranging from 0.03 to 0.18 Jcm?.

The aim of this study was to find the optimal
regimes of annealing under the action of nanosecond
pulses of Nd laser radiation that would improve the
parameters of Cd,Hg,_,Te photoresistors. Numerical
modeling of the process of pulsed laser irradiation was
applied to determine the surface melting threshold and
the thickness of the recrystallized layer.

The photoresistors were fabricated from n-type
CdHg, _,Tesinglecrystalswith x = 0.19, grown by the
Bridgman technique. The annealing was done at 300 K
with pulsed radiation of a Nd laser (wavelength A =
1.06 um, pulse duration T = 10 ns) through the entrance
window of avacuum cryostat in which the photosensi-
tive elements were placed.

BaF, was used as the materia for the entrance win-
dow. To prevent mercury evaporation in the course of
PLA, the surface of the elements was protected with a
ZnSfilm deposited by vacuum evaporation. The photo-
electric characteristics were measured at 77 K.

Figure 1 presents spectral distributions of the photo-
resistor’'s sensitivity measured before (curve 1) and
after (curve 2) annedling by radiation pulses with
energy density W= 0.3 JJcm?. A pronounced increasein
sensitivity is observed in the short-wavelength part of
the spectrum. At higher energy densities, the sensitivity
decreases over the entire range of wavelengths A =
2-14 um.

Figure 2 presents the voltage sensitivity S of the
photoresistor as a function of the PLA energy density.
It can be seen that the maximum sensitivity is achieved
a W = 0.3 Jcm?. At higher W values, the sensitivity
decreases. The dark resistance grows in the same range
of energy densities (W> 0.3 Jcm?).

The dependence of the detectivity (D*) on the
energy density is qualitatively similar to the S(W)
dependence; the maximum D* value corresponds to

S/Smax
100}

80

60

40

20

Fig. 1. Spectra distribution of the photoresistor sensitivity
normalized to the maximum value (1) before and (2) after

pulsed laser annealing at energy density W= 0.3 Jcm?.
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Fig. 2. Voltage sensitivity of photoresistor vs. energy den-
sity of pulsed laser annealing.
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Fig. 3. Calculated time dependence of thickness of the
CdyHg, — «Te layer recrystallized under the action of pulses

with energy density W= (1) 0.19, (2) 0.3, and (3) 0.33 Jcm?.

W= 0.2 Jcm?, and thefast fall at W> 1 Jem? ismainly
due to the increasing amount of noise in the sensitive
element.

To determine the optimal regimes of Cd Hg, _,Te
PLA, temperature fields were calculated numericaly
by a procedure described in [4]. Numerical calculations
take into account al basic factors affecting the heating
(including phase transitions) and furnish information
about temperature profiles across the sample thickness
and their evolution in time. Figure 3 presents the time
dependences of the thickness d of the recrystallized
Cd.Hg, _,Te layer upon exposure to laser radiation

RYZHKOV et al.

pulses with varied energy density. The performed ther-
mal calculations indicate that, in the annealing of the
surface of a photosensitive element by laser pulses, the
surface layers start to melt at an energy density of
~0.16 Jcm?. At an energy density of W = 0.19 Jcm?,
the thickness of the recrystallized layer isd = 0.04 um,
becoming as large as 0.52 um at W= 0.3 Jcm?.

Experimental and cal culated data show that with the
beginning of the surface melting the sensitivity and
detectivity of the photoresistors grow. Therisein sensi-
tivity in the short-wavelength part of the spectrum is
due to a decrease in the rate of surface recombination
and increase in the effective carrier lifetime. The latter
may be due to the formation at the surface of an inver-
sion layer hindering motion of photocarrierstoward the
surface and their recombination there. The growing
effective lifetime leads to higher voltage sensitivity and
detectivity. The rise in dark resistance on raising the
PLA energy density to W> 0.3-0.5 Jcm? ismost likely
due to the increasing inversion layer thickness and its
effect on the total resistance of the sample. At energy
densities W > 1 Jcn??, the resistance increases dramat-
ically with the voltage sensitivity and detectivity mark-
edly falling asaresult of structural changesin the sam-
plein the course of PLA.

Thus, the results indicate that irradiation of the pho-
tosensitive surface of photoresistors with nanosecond
pulses of Nd laser radiation with energy density W =
0.2-0.3 Jcm? at atemperature of 300 K leads to melt-
ing of the photoresistor surface to give an inversion
layer at the surface with thickness d = 0.04-0.52 pm.
This layer makes the rate of surface recombination
lower and the effective lifetime of photocarriers longer
with the sensitivity and detectivity of a photoresistor
becoming higher. Raising the PLA energy density fur-
ther impairs the photoresistor parameters and leads to
an increase in dark resistance.
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Abstract—L ong-wavelength photodiodes based on LPE-grown type-ll heterostructures in lattice-matched
GaSb/InGaAsSh/GalnAsSh and GaSh/InGaAsSh/AlGaAsSh systems were fabricated and studied. Band
energy diagram engineering for heterostructures with wide- and narrow-gap layers allows the photodiode
parameters to be controlled by varying the conditions at heterointerfaces. Electrical and photoelectric charac-
teristics and the dark current mechanisms in the heterostructures were investigated. The optimal photodiode
structure was selected that consists of two type-11 broken-gap heterojunctions and one p—n-junction in the nar-

row-gap active layer. Room-temperature detectivity D = 4.1 x 108 cm HzY?/W at A = 4.7 um was obtained.

Type-ll heterostructures may help develop high-efficiency uncooled photodiodes for the 1.6-4.8 pm
range for gas analysis, environmental monitoring, and a so the diagnostics of combustion and explosion prod-

ucts. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, INAs—GaSb type-11 heterojunctions
have attracted attention as promising materias for
optoelectronic devices (lasers and light-emitting
diodes) operating in the A = 2-5 um spectral range
[1-3] important for gas analysis, environmental moni-
toring, etc. Thisis due to the unusual band diagram of
the heterojunctions with electrons and holes localized
in self-consistent quantum wells on different sides of
the heterointerface. The decisiverole of the type-11 het-
erointerface gives rise to a variety of new optical, pho-
toelectric, and magnetotransport phenomena [4].

Previously, we described long-wavelength photo-
diodes based on multicomponent |11-V solid solutions
(INAsSb/InAs, INASINASSbP) operating either under
deep cooling [5] or at room temperature [6]. However,
operation without cooling was limited by a number of
design defects in these structures. Thus, a new alterna-
tive approach to the design of mid-IR range photo-
diodes operating at room temperature is necessary.

This paper presents a new approach to the creation
of long-wavelength photodiodes based on type-11 het-
erojunctionsin the In, _,Ga AsSb/GaSb system. Previ-
ously, we showed [7] that In, _,GaAsSh/GaSb hetero-
junctions with a narrow-gap solid solution containing
more than 70% In (x < 0.3) are type-11 broken-gap het-
erojunctions, with the conduction band of the narrow-
gap semiconductor lying about A = 60-100 meV higher
in the energy than the valence band of the wide-gap
semiconductor. The electron flow across the hetero-

junction givesriseto strong band bending on both sides
of the junction and to a semimetallic channel for elec-
trons and holes at the interface [8, 9].

The intense el ectroluminescence observed in type-l
broken band-gap heterojunctions in the GalnAsSb/InAs
system [10, 11] indicates the high efficiency of radia-
tive recombination at a heterointerface of this kind.
Furthermore, it has been shown theoretically [10] that
non-radiative Auger recombination must be strongly
suppressed at the type-11 heterointerface [12].

It has also been established [7, 13] that the broken-
gap heterojunction behaves as a Schottky diode in
which the role of ametal is played by a wide bandgap
(P—p structure) or a narrow band semiconductor (N-n
structure). In this case, depending on the type of struc-
ture, the photoresponse spectrum lies in the range of
absorption of either the narrow-gap, or the wide-gap
semiconductor [7]. It has aso been shown that the
P-GaSh/n-InGaAsSh system demonstrates metallic
conduction; i.e., it behaves as an ohmic contact [4, 14].
Thisfeature, in particular, was used to reduce the series
resistance of the structure.

The described properties of type-Il heterojunctions
allow the photoresponse wavelength and the photo-
diode structure parameters to be varied by changing the
type of the band diagram and the conditions at the het-
erointerface. The results obtained indicate that type-1|
heterojunctions based on InAs-GaSb solid solutions
show promisefor creating high-efficiency photodiodes.
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Fig. 1. Band diagram and photoresponse spectra of an
A-type structure.

2. EXPERIMENTAL

In order to choose the optimal photodiode structure,
we have fabricated and studied three types of hetero-
structures based on isoperiodic quaternary solid solu-
tions grown by liquid-phase epitaxy on GaSb sub-
strates.

Structure A has a narrow-gap n—p-homojunction in
the active region: P-GaSh/n-InGaA sSh/p-InGaA sSh/
P-GalnAsSb; the In content in the narrow-gap
INnGaAsSh active layer varies within 3-2%, the Ga con-
tent in the wide-gap GalnAsSbh “window” is 20%.

Structure B has a narrow-gap p—n homojunction in
the active region: P-GaSh/p-InGaAsSb/n-InGaAsSb/
P-GalnAsSb; the layer composition is the same as in
structure A.

Structure C has a wider-gap AlGaAsSb window:
P-GaSbh/P-AlGaAsSh/p-InGaA sSh/n-1nGaA sSh/N-
AlGaAsSh; the In content in the narrow-gap InGaAsSh
active layer is 9%, and the Al content in the wide-gap
AlGaAsSb window is 34%.

Undoped (100) GaSb substrates with a hole concen-
tration of p=5 x 10'* cm=2wereused in all cases. High-
quality mirror-surface In,_,GaAs, _,Sh, epilayers
with Ga content 0.03 < x < 0.12 and Sb content y = x +
0.12 (the band gap was practically the same for all the
compositions, E; = 0.26 €V [7] within the range under
study) were grown at 600°C from a growth solution in
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Fig. 2. Band diagram and photoresponse spectrum of a
B-type structure.

metallic In at a cooling rate of 0.6°C/min. The initial
oversaturation was set to bewithin 5-8°C. Asisknown,
the system of GaSb—InAs binary solutionsis character-
ized by the unlimited solubility of GaSb-rich com-
pounds in InAs-rich melts and is very sensitive to devi-
ations from the phase equilibrium. Hence, in the given
case, growth solutions with nonequilibrium composi-
tion of the liquid phase are saturated with Ga and Sb
from the GaSb substrate. To resolve this problem and
improve the quality of the interface, we introduced a
wide-gap GalnAsSb solid solution with a high Ga con-
tent, which served as a buffer layer between the GaSb
substrate and the narrow-gap InGaAsSh layer. It is
worth noting that we deal with equilibrium epitaxial
growth of materials with markedly different mechani-
cal properties: the thermal expansion coefficient of
GaSb istwicethat of InAs. Therefore, the experimental
lattice mismatches obtained at 300 K (Aa/a ~ 3 x 1079)
correspond to a zero mismatch between the InGaAsSh
solid solution and the substrate at the temperature of
epitaxy, which is confirmed by the presence of thick-
ness oscillations in the X-ray diffraction spectra.

Structures A and B contained type-ll broken-gap
heterojunctions formed by an active narrow-gap layer
and wide-gap materials (GaSh and GalnAsSh, respec-
tively) (Figs. 1, 2). Structure C contained type-l hetero-
junctions between narrow-gap n- and p-InGaAsSb lay-
ersand awide-gap AlGaAsSb capping layer (Fig. 3). In
No. 4
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al the structures, the p—n-homojunction was formed
during the epitaxy of the narrow-gap In, _,GaAsSh. An
undoped narrow-gap n-type layer had an electron con-
centration of 5 x 106 cm, To obtain p-type conduction,
the quaternary solid solution was doped with Zn (p =
1 x 10% cmr3). In structures A and B, the wide-gap win-
dow was formed by a Galn, _,AsSb quaternary solid
solution with a composition close to GaSb (x = 0.8,
E,=0.63 eV). This layer was doped with Ge to obtain
p-conduction (p = 2 x 10% cm™). In the C-type struc-
ture, the narrow-gap In,_,GaAsSb (x = 0.03-0.12)
guaternary solid solution was confined on both sides by
AlGaAsSh layers with 34% Al, whose band gap, E; =
1.1 eV, wassubstantially higher than that of GaSb (E, =
0.71 eV) or Gag gl Ny ,ASSh.

The electrical and photoelectric properties of the
structures grown were studied on mesadiodes 300 pm
in diameter fabricated by conventional photolithogra-
phy. Ohmic contacts 50 um in diameter were deposited
by sputtering Au:Te and Au:Zn aloys onto n- and

p-layers, respectively.

3. ANALYSIS OF RESULTS

We now discuss separately specific features of the
spectral characteristics for structures A, B, and C. Band
diagrams and photoresponse spectra of the heterostruc-
tures under study are presented in Figs. 1, 2, and 3.

In the A-type structure (PnpP), there is very strong
band bending at the heterointerface p-In, _,GaAsSh
(x= 0.03-0.12)/P-Galn, _,AsSb (x = 0.8) (Fig. 1).
Electron—hole pairs generated in the upper layer are
effectively separated by the strong built-in electric
field. Accordingly, the sensitivity inthe A = 2 um range
iscomparable with, and in some cases exceeds, the sen-
sitivity in the long-wavelength range.

In the B-type structure (PpnP), the band bending
at the interface with the wide-gap layer (window) is
negligible (Fig. 2). At compositions of the narrow-
gap solid solution x = 0.03-0.12, the broken-gap
n-1n, _,Ga,AsSh/P-Ga, gl ny ,AsSh heterojunction
behaves as an ohmic contact [ 7]. Carriers are not sepa-
rated at this interface and, therefore, the photosensitiv-
ity iscloseto zeroat A <2 um (Fig. 2). Effective photon
absorption and carrier separation mainly occur in the
narrow-gap layer at the p-InGaAsSh/n-InGaAsSh
homojunction, with the spectral sensitivity lying in the
long-wavelength part of the spectrum.

In the C-type structure (Fig. 3), the short-wave-
length edge of the photoresponse spectrum is defined
by the wide-gap AlGaAsSb window (E; = 1.1eV), with
the long-wavelength threshold of sensitivity deter-
mined by the narrow-gap In, _,GaAsSb layer (E; =
0.26 eV). This type of structure allows fabrication of
photodiodes with avery wide spectral range of sensitiv-
ity (0.9 to 4.8 um a room temperature), which is

SEMICONDUCTORS  Vol. 35

No. 4 2001

455

AlGaAsSb
34% Al

GaSb  GalnAsSb

9% Ga

Responsivity, V/W
251

20
15

10
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Fig. 4. Optimized photodiode structure and its photoresponse
spectraat T =300 and 77 K.

important, e.g., for analyzing combustion and explo-
sion products.

An analysis of the above dataled usto conclude that
the type B structure, with a narrow-gap p—n-homojunc-
tion in the active region (Fig. 4), is optimal as regards
efficiency. Next, we optimized the parameters of this
structure, which allowed us to fabricate photodiodes
that work at room temperature.
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Fig. 6. |-V characteristicsat T =300 (1) and 77 K (2).

Figure 5 shows the capacitance-voltage characteris-
tics C(V) for the optimized structurestaken at atemper-
ature T = 300 K and frequency f = 1 MHz. At low
reverse biases (V < 0.8 V), the characteristics are satis-
factorily described by the dependence C2 ~ V, typical
of an abrupt junction. The contact potential difference
Vp found from the linear dependence of C2 on V
(0.26 eV) coincides with the band gap of the narrow-
gap 1Ny 9;Gay oASSb solid solution. Using the approxi-
mation of an asymmetric p—n-junction of area S we
determined the donor concentration N in the uninten-
tionally doped n-region:

[ GeeN
© =32V —vy:

_ C*2(Vp-V)
Sqe,e

STOYANOV et al.

where g, is the permittivity of free space and € is the
dielectric constant. The values obtained liein the range
(1-3) x 10 cm3,

Figure 6 presents the current—voltage (I-V) charac-
teristics of an optimized structureat T =300 and 77 K.
The structure comprises a sequence of three junctions:
a broken-gap type-ll heterojunction P-GaSb/p-
1Ny 91Gay oASSh, a homojunction in the narrow-gap
INg,01Gay oA SSh solid solution, and abroken-gap type-l|
heterojunction n-1ny g;Gay oA SSH/P-Gay gol Ng 20ASSh.

As stated above, the third junction behaves as an
ohmic contact that does not limit the current and, con-
sequently, does not affect the 1-V characteristic. Fur-
ther, we discuss the processes related to the first two
junctions.

3.1. Forward Bias

Forward-bias |-V characteristics of structure B are
shownin Fig. 7 inlog-og scale. The room temperature
value of theideality factor obtained from (1-V) charac-
teristics n = 1.5 is intermediate between the values of
this parameter for the diffusion (n = 1) and the genera-
tion-recombination currents (n = 2). Indeed, forward-
biasing of the p—n junction lowersits barrier in the first
place. The flow of holes from the p-region reaches the
negative contact unimpeded, but el ectrons encounter a
high barrier at the heterointerface and find themselves
in adeep potential well. Some electrons and holes with
high energy pass over the barriers at the heterointer-
face. However, the carrier recombination at the homo-
junction and at the heterointerface, with subsequent
tunneling of carriers through it, makes a substantial
contribution to the total current. At low temperatures,
the tunneling processes become dominant, since pass-
ing over barriers becomes improbable. This is con-
firmed by the n values obtained (n = 7.3 and 3.4) for
two linear portions of thelogarithmic -V characteristic
at T=77K (Fig. 7).

3.2. Reverse Bias

Figure 8 presents reverse |-V characteristics for the
type B structure in log-og scaleat T = 300 and 77 K,
and Fig. 9 shows the corresponding band diagrams of
the two junctions under study, accounting for the
applied reverse bias. At small reverse biases
(<100 mV), the current depends on temperature depen-
dence very strongly. The zero-bias resistance (mea-
sured at V = -10 mV) increasesfrom R, =70 Qat T =
300Kto Ry, =1.7MQ a T =77 K. Theideality factor
n, determined from the slope of the |-V characteristics
in the logarithmic scaleat T = 77 K and small reverse
biases, isequal ton=1.2 (Fig. 8) and indicates the pre-
dominantly diffusive nature of the current. That is, the
current isgoverned by minority carriers being extracted
from the n- and p-regions of the narrow-gap semicon-
ductor. At room temperature, aquadratic dependence of
the current on the bias is observed for small biases
No. 4
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Fig. 7. Forward-bias 1-V characteristics in log-og scale.
T =300 (1) and 77 K (2).

(V<100 mV) (Fig. 8), thus indicating the predomi-
nance of the generative character of the current. The
generation and subsequent separation of carriers occur
in the space-charge region of the p—n junction in the
narrow-gap layer. The effective carrier lifetime 14 was
determined from this portion of the I-V characteristic,
using the known relation for the generati on-recombina-
tion current [15]:

_ gnWS

|
GR
Test

where Sisthe p—n junction area, Wis the width of the
space-charge region (proportional to V¥?), qisthe elec-
tron charge, and n; isthe intrinsic carrier concentration
at a given temperature. The values obtained are 14 =
6 ns. The effective carrier lifetime is akey factor in the
detectivity of a photodetector operating at about room
temperature in the photovoltaic mode. Therefore, fur-
ther improvement of the photodiodes under study
requires that the carrier lifetime should be made longer.

Estimations show that at room temperature with
reverse biases over 100 mV, and also at low tempera-
tures (T = 77-120 K), the tunneling mechanism of the
current dominates(h=7and 16 aa T=77K,n=35at
T=300K) (Fig. 8). Thisisaso confirmed by the weak
temperature dependence of the current under reverse
biases V > 150 mV. Apart from the tunneling through
the reverse-biased p—n junction, one more mechanism
may contribute to the total current. The reverse bias
applied to the p—njunction lowersthe energy barriers at
the heterojunction, and the energy bands become partly
unbent. It becomes possible for electrons to pass from
the valence band of P-GaSb to the conduction band of
p-InGaAsSb, from where they are drawn by the strong
field of the p—n junction, pass into the n-region of the
narrow-gap layer, and move further toward the positive
contact.
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Spectral characteristics of photodiodes based on
optimized B-type structures are presented in Fig. 4. The
long-wavelength threshold of sensitivity at 77 K lies at
about Ay, = 4.0 um, which corresponds to the optical
gap of the narrow-gap 1Ny g;Gay 0ASSh at this tempera-
ture, E;=0.31eV; at 300K, At = 4.75 pm, which cor-
respondsto E, = 0.26 V. The zero-bias resistance R, at
300K is 60-80 Q. This important parameter is only
2-3 times lower than the R, values typical of much
shorter-wavelength InAs-based photodetectors (Ay, =
3.8 um) [16].

We aso estimated the noise characteristics of a
B-type structure. Thermal noises predominated in the
photovoltaic regime at room temperature. The calcu-

n

GaSb InGaAsSb

(9% Ga)

Fig. 9. Band diagrams of a P-GaSh/p-InGaAsSb/
n-InGaAsSh heterostructure under forward (a) and reverse
(b) biases.
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lated thermal noise was about
0,0= (4kTAF/R)Y = 1.4x10™ A HZ ™.

Spectra of the current-light sensitivity of the photo-
diodes under study were directly recorded at T = 300
and 77 K using the radiation of a Globar. The room
temperature sensitivity R, = 0.21 A/W was obtained at
A =47 um.

The threshold sensitivity, or the noise equivalent
power (NEP) at A = 4.7 um, was estimated to be

NEP = 0,0R, = 6.4x 10" W Hz 2.

Hence, the room temperature detectivity at A =
4.7 umis

* = SINEP = 4.1 x 10° cm HZz"*/w.

At 77 K, the zero-bias resistance R, was as high as
1.7 MQ and the detectivity wasA = 3.8 um,

D} = S"/NEP = 4.4x 10" cm HZ"*/W.

These results suggest that thermoelectric cooling
(T= 250 K) could raise the detectivity up to D} =
2 x 10° cm HZY2/W.

4. CONCLUSION

We presented the results obtained in designing and
studying uncooled photodiodes for a A = 1.5-4.8 pm
spectral range based on type-1l heterostructures in the
GalnAsSh/GaSh system and employing wide-gap
AlGaAsSbh layers asawindow. Advantages and specific
features of the proposed photosensitive structures such
as the presence of a wide-gap window, strong band
bending at heterointerfaces, the use of a broken-gap
heterojunction between the narrow-gap active region
and the wide-gap window, and the unique properties of
the Nn-1ngg;Gay 0eA SSh/p-Gay gol N 20ASSh ohmic con-
tact allow the fabrication of photodiodes with a wide
spectral range of sensitivity (0.9 to 4.8 um) and aroom

temperature detectivity DY = 4.1 x 10 cm HzY2/\W (A =
4.7 um). This value can be raised to D} = 2 x
10° cm HZY3/W (A = 4.5 um) through the application of
thermoelectric cooling. Despite some technological
problems, the quality of the layers grown can be
improved further. This will make the carrier lifetime

longer and, consequently, will improve the current—
light sensitivity and the detectivity.

STOYANOV et al.

Photodiodes for the spectral range in question are
promising sensors for analyzing important gases like
carbon dioxide (CO,), carbon monoxide (CO), and also
combustion and explosion products. The photodiodes
under study show a higher speed of response (up to
2 MHz), which exceeds, by nearly three orders of mag-
nitude, the value for lead chalcogenide photoresistors
currently used in portable instruments for this spectral
range.
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Abstract—It is shown that the current—voltage characteristics of Si:As-based structuresthat have blocked hop-
ping conduction (blocked-impurity-band, or BIB, structures) and are subjected to infrared radiation in the pho-
tosensitivity range have two distinct portions. In thefirst portion, the photocurrent is controlled by an infrared-
radiation flux and by an avalanche impurity-related breakdown. In the second portion, the photocurrent is con-
trolled by merging of the depletion region with the contact N** region. It is shown that the avalanche-multipli-
cation mode can be used in focal multielement photodetector systems. The uniformity of photoel ectric param-
eters over an array of elements in a system of foca multielement photodetectors operating in the avalanche-
multiplication mode compares well with that observed in BIB arrays operating without avalanche multiplica-

tion. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Study of current—voltage (1-V) characteristics of the
Si:Sb-based [1] and Si:B-based [2] structures with
blocked hopping conduction [or the blocked-impurity-
band (BIB) conduction] subjected to infrared (IR) radi-
ation in the photosensitivity range have shown that the
photocurrent dependence on the bias voltage had sev-
eral characteristic portions. In the first portion, the
photocurrent depends exponentially on the bias voltage
and almost linearly onthe IR irradiation intensity. Such
behavior of the photocurrent was related [2] to the
Pool—Frenkel effect, which enhances the hopping-con-
duction current in a high field [3]. In the subsequent
portions, the photocurrent increases linearly and sub-
linearly with increasing bias V, [2]. These portions
were not observed by Huffman et al. [1]. Asthe biasV,
increases further, the current increases exponentially
and much more steeply than in the first portion, which
may be attributed to impurity-related impact ionization
by electrons[1] and holes[2].

The results of similar studies of the Si:As-based
BIB structures have apparently not been published,
although these structures have been studied most often.
At the same time, the knowledge of mechanisms con-
trolling the photocurrent makes it possible to optimize
the design of BIB structures intended for use in both
focal arrays and photon counters.

When designing focal arraysintended for usein the
far-1R region of the spectrum (12—28 um) and based on
Si:As BIB structures [4-6], superior values of photo-
electric parameters and a high degree of their unifor-
mity were obtained. Thus, for the best array consisting
of 10 x 50 elements [4], the relative rms deviation is

09S = 1.52% for the average current—power sensitivity
of S=6.52 A/W. The noise distribution over the array’s
elementsis somewhat different. For asmall noise factor
(expressed in terms of the value of an rms fluctuating
charge equivalent to N, = 130 electrons) at the storage
capacitor C = 0.6 pF, the variance amounts to dNJ/N, =
25%. For other arrays [4], nonuniformity of sensitivity
was 0S5S= 4%. The current—power sensitivity reported
elsewhere [4, 5] corresponded to the external quantum
efficiency of n < 1.

At the same time, it is known [7] that in the Si:As-
based BIB structures with an enhanced concentration
of compensating acceptor impurity in the photosensi-
tive layer (which enhances the contact-injection volt-
age), it is possible to detect individua IR photons by
initiating an avalanche multiplication of electronsinthe
structure. As the latter takes place, the multiplication
factor M may be as high as several tens of thousands. It
is significant that the amplitudes of resulting pulses
which arise upon detecting one, two, or three photons
simultaneously are well resolved [7]. This result is
indicative of thelow level of noisethat accompaniesthe
emergence of an avalanchein aBIB structure.

Thisisalso supported by measurements of the noise
factor in a BIB photodetector [8]; two independent
methods were used to show that avalanche multiplica
tion in the range of M = (1.0-1.8) x 10* was not accom-
panied by the appearance of additional noise [8]. The
measured noise factor K = IM?[JIM[3 amounted to K =
1+0.05.

The objective of this study wasto identify the mech-
anisms which control the photocurrent in Si:As-based
BIB structures in relation to the bias voltage and tem-

1063-7826/01/3504-0459%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 2. (1, 2) Photocurrent and (3) the highest electric field
in the depletion region of a BIB structure. The measure-
mentswere performed at 10 K. The surface areaof the struc-

ture was 190 x 290 umz. The flux of IR radiation was
(1) 3x 108 and (2) 4 x 10 photon/(cm? s).

perature and to clarify whether it is feasible to use the
mode of avalanche electron multiplication in multiele-
ment BIB-structure photodetector systems.

2. EXPERIMENTAL

Linear photodetector arrays containing 1 x 64 active
elements were fabricated on the basis of epitaxial sili-
con structures described previoudly [9]. Schematic rep-
resentation of an array is shown in Fig. 1. All the basic
technological processes are consistent with planar sili-
con technology.

Contact to the buried N** layer that was common to
all elements was formed using anisotropic-etching
technology [10] that made it possible to etch aV-shaped
groovein silicon to aconsiderable depth. Subsequently,
arsenic was implanted into the lateral surfaces of the
groove. Arsenic was also implanted into the surface of
the blocking layer to form the second contact to the BIB
elements of the photodetector array. The contact forma-
tion was completed by the deposition and firing of alu-
minum onto the implanted surface.

We measured the photoelectric characteristics of
individual BIB photodetectors using a system designed

ESAEV, SINITSA

on the basis of a CF1104 helium cryostat produced by
Oxford Instruments Ltd. The system made it possible
to set and control the temperature at the operating table
of the cryostat in the relevant temperature range of
4.2-25 K to an accuracy of 0.1 K. The vacuum in the
cryostat corresponded to a pressure no higher than
107° Torr. In order to reduce the background flux inci-
dent on the photodetector, weinstalled two cold screens
(with temperatures of 77 and 20 K) inside the vacuum
chamber. The estimated background flux in the spectral
sensitivity range of the photodetector was no larger
than 10 W/cm?. The samples were subjected to
blackbody radiation. A chopper with a modulation fre-
guency of 600 Hz and an optical filter with a passband
of 15-25 pym were mounted between the blackbody
radiator (with atemperature of 500 K) and the cryostat.
In order to determine the photocurrent, we used a selec-
tive nanovoltmeter to measure the voltage drop across
a 16-kQ load resistor connected in series with a BIB
element. The measured voltage was digitized using a
12-hit analog-to-digital converter and was fed to a per-
sonal computer. The voltage was swept using a saw-
tooth generator. The current—power sensitivity was
determined from the measured photocurrent, and the
calculated IR flux was governed the blackbody-radiator
temperature and the optical channel characteristics.
The setup was used to measure the photoel ectric char-
acteristics of individual elements illuminated from the
planar side.

The second setup intended for measuring the photo-
electric parameters of 1 x 64 linear photodetector
arrayswas based on aspecial helium Dewar vessel with
alargeinlet window 150 mm in diameter. Temperature
in the cryogenic chamber containing alinear array and
a built-in blackbody radiator with a temperature of
300 K was controlled by varying the distance between
the chamber and the liquid-helium level. The back-
ground flux at the position of the BIB linear array did
not exceed 1071° W/cm?,

In order to measure the linear array parameters, we
designed and fabricated a cryogenic multiplexer based
on 1 x 64 p-channel silicon transistors. The structure of
the multiplexer’sinput cell and the diagrams of the con-
trol-voltage phases have been described previously
[11]. For the input cell storage capacitance of C = 2 pF,
the current noise of the multiplexer wasl, =4 x 104 A
in the bandwidth of 500 Hz. The sampling time for a
single linear array cell wast = 16 ps. The signal-accu-
mulation time (or the data acquisition time for the
entire 1 x 64 linear array) was about 1 ms. The multi-
plexer crystal was positioned close to the photodetector
array crystal. The corresponding contact pads were
connected using ultrasonic bonding. The linear array
was illuminated from the planar side.
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3. RESULTS AND DISCUSSION

In Fig. 2, we show the typical |-V characteristics of
individual BIB photodetectors under two levels of irra-
diation with unmodulated light. First of al, it should be
noted that portions Il and 111 typical of the dark I-V
characteristics are not observed (see Fig. 1in[9]). Ina
wide range of bias voltages (0-2 V), the voltage depen-
dence of photocurrent resembles that of dark current in
a N**—N*-N** structure obtained from a BIB structure
after the blocking layer had been etched off [12].

When a BIB structure is illuminated, the total cur-
rent observed in a wide range of bias voltages (0-2 V)
is in fact the photocurrent, because the dark current
may be disregarded since it is small. An unilluminated
BIB structure may be partitioned into a neutral region
where there is no electric field and a region that
includes both the blocking layer and the depletion layer
(where there are no mobile holes) with a high electric
field. When the structures are illuminated, the electron—
hole pairs are generated both in the neutral region and
in the depletion region, where the As concentration
may be as high as (3-5) x 10*” cm3. Asthistakes place,
an electric field Ey O ® W pl (here, py =
N, exp(—€4/KT) is the equilibrium hole concentration at
the peak of the density of statesin the impurity band)
emergesto thelinear approximation in theinitially neu-
tral region; this field increases as the bias voltage and
the flux intensity ®g of the IR irradiation increase
(Fig. 3).

For As-doped Si, the electron mobility u, [13] and
lifetime 1, [14] controlled by recombination at the As*
centers are well known at temperatures close to that of
liquid helium. It may be verified that the neutral portion
of a BIB structure is not involved in initiation of the
photocurrent. In fact, electrons drift over the distance of
I = MnEpnT, during their lifetime t,,. This distance is
equal to amere |, = 10 cm even in afield of E,, =
10 V/em (which corresponds to V,, > 3V [15]) and is
much smaller than the width of the quasi-neutral region
in the structure. Consideration of electron trapping by
neutral donors can only reduce the value of |,. This
means that electrons are not pulled out of the quasi-
neutral region by the field and, by recombining with
As*, areinvolved in the formation of photocurrent.

The time of electron transit through the depletion
layer isequal to 1y OW/V4 =10 s (W= 102 cm and
V, =107 cm/s), which is much smaller than the lifetime
1, Therefore, electrons|eave the depletion region with-
out recombination. The remaining “sow” holes form
the electric field E,. This field is proportional to the
illumination intensity and controls the photocurrent.
Thus, the photocurrents in the blocking layer, quasi-
neutral region, and depletion region are predominantly
due to electron transport, hole transport, and combined
electron and hole transport, respectively (see Fig. 3).
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D0 Bs=0

Fig. 3. Schematic representation of distributions of the
potential and the electric field in an unilluminated (Pg = 0)
and an illuminated (Pg # 0) BIB structure to the linear
approximation in the current.
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Fig. 4. Experimental dependences of the current—power sen-
sitivity Son the bias voltage and temperature. The surface

area of the structure was 650 x 650 umz. Curve 1 was cal-
culated [17], and curve 2 corresponds to experimental
data[6].

As the bias voltage V,, increases, the bias depen-
dence of the photocurrent isinitially controlled by the
bias dependence of the depletion layer width W(V,)
and, at alater stage, by a stronger field dependence of
the impurity-related avalanche multiplication. As can
be seen from Fig. 2, the magnitude of the highest elec-
tric field in the depletion region E,,, rapidly approaches
the value of the characteristic field for impact ioniza-
tion of As atomsin Si E,, 07 x 10° V/cm [16]; this
causes both the photocurrent to increase and the photo-
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Fig. 5. Histograms representing the distributions of (a) cur-
rent—power sensitivity Sand (b) the noise charge N over the

elementsof alinear photodetector system 1 x 64insize. The
measurements were carried out at 10 K. The surface area of

an element was 70 x 80 um?.

current dependence on bias to become stronger than it
isin the expression I, = qPMW(Vy)/L. The second por-
tion of the |-V characteristic for theilluminated sample
is related to the punch-through of the depletion region
and the contact N** region and to an abrupt uncon-
trolled increase in the current and the noise level.

The results of measuring the current—power sensi-
tivity Sshown in Fig. 4 indicate that, beginning with a
certain bias voltage (0.5-1.2 V, depending on tempera-
ture), the quantity Sexceeds the value that corresponds
to the external quantum efficiency of n = 1. It has been
shown previously [17] that thisis caused by avalanche
multiplication of charge carriers in the depletion
region. Our experiments demonstrate that the value of
Sin the voltage range corresponding to n > 1 depends
not only on the hias voltage but also on temperature.
The temperature dependence may be approximated by
the power-law function SO T", wheren=1.6+ 0.1 (see
theinset in Fig. 4). Such an increase in Swith temper-
ature may be attributed to a decrease in the cross sec-
tion for electron recombination at a Coulomb center in

thevicinity of T=m* vﬁ/kz 3K, wherem* isthe effec-
tive electron mass and v is the velocity of sound in sil-
icon [18]. Therein lies the difference between experi-

ESAEV, SINITSA

mental dependence S(T) and the dependence predicted
by the theoretical model [17]; in the latter, the depen-
dence of Son T isdisregarded in the temperature range
that corresponds to the operation of a BIB structure in
background-limited mode (see Fig. 6 in [6]).

In Fig. 5, we show the bar-chart representations of
sensitivity and noise charge distributions over the ele-
ments of alinear photodetector array combined with a
multiplexer (a photodetector system). The mean value
of the noise charge in the photodetector systemis close
the multiplexer’s noise charge. This meansthat the pho-
todetector system noise is primarily controlled by the
multiplexer, even in the mode of “soft” avalanche mul-
tiplication under exposure to a luminous flux of ® =
1.06 x 10~ W/element.

It can be seen that if the mean sensitivity of the ele-
ments is five times higher, its variance is close to the
variancefor SL6 A/W [4, 5]. In other words, a change-
over of the BIB elements in a linear array to the ava-
lanche-multiplication mode with asmall multiplication
factor (M < 10) does not cause the sensitivity variance
to increase.

Our results are in agreement with data reported pre-
vioudly [4, 5, 8] and supplement them by offering the
prospect of designing multielement photodetector sys-
tems based on BIB structures that operate in an
enhanced-detectivity mode due to the avalanche-multi-
plication effect. Thus, the studied linear arrays feature
the detectivity of D* > 10** cm HzY%/W and the noise
equivalent power of NEP < 0.7 x 10716 W/HZV2, which
is superior to the corresponding values reported previ-
ousy [4, 5].

CONCLUSION

(1) Study of Si:As-based BIB structures optimized
for operation in focal linear arrays showed that the
main mechanism responsible for the bias-voltage
dependence of photocurrent consists in the avalanche
breakdown of the impurity band.

(2) The avalanche breakdown of the impurity band
in the above structures enhances the current—power
sensitivity but does not cause the nonuniformity of this
sensitivity over the array of photodectorsto increase.

(3) It is shown that the current—power sensitivity of
the Si:As-based BIB structures increases with temper-
ature as S= T8 in the range of 7-20 K.

(4) In the low-background situation (with the back-
ground flux being <10~° W/cm?), the noise and detec-
tivity of a Si:As-based linear-array photodetector sys-
tem are controlled by the multiplexer.
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Abstract—The mechanism of charge transport in an anisotype p-Si-n*-ZnO-n-ZnO-Pd heterostructure with
Schottky contact was studied. Photoel ectric characteristics of this heterostructure were analyzed. The observed
dependence | 0 V2 is attributed to the double injection of charge carriersin the drift approximation. A suppres-
sion (decrease) of the forward current by irradiation with photonsin the wavelength range of A = 0.7-1.2 um was
observed. This effect is accounted for by special features of the trapping of photogenerated (excess) minority
charge carriers (holes) and their recombination with thermally equilibrium electrons. © 2001 MAIK

“ Nauka/Interperiodica” .

Crystalsand thin films of ZnO and ZnO-based diode
structures have been the subject of numerous scientific
and application-oriented studies. In particular, consid-
erable advances have been made in the devel opment of
gas sensors, varistors, displays, and so on. We previ-
ously reported [1] the results of studying the electrical
and photoelectric characteristics of an isotype n-ZnO—
n-Si heterostructure, and possible practical applications
of this heterostructure were outlined.

In this paper, we report the results of studying the
mechanism of charge transport in an anisotype p-Si—
n*-ZnO-n-ZnO-Pd heterostructure with a Schottky
contact; photoelectric properties of this heterostructure
were also studied. It isnoteworthy that both elements of
this structure (p-Si—n*-ZnO and ZnO—Pd) have been
tested previously asasolar cell [2] and hydrogen detec-
tor [3], respectively.

The formation process of the structures included
three consecutive stages. First, a conducting n*-ZnO
layer was formed on ap-Si substrate by organometallic
deposition; zinc acetylacetonate Zn(AA,), was used as
asource of Zn. The ZnO layer was deposited in a verti-
cal reactor; the substrate temperature was maintained
within 300-350°C. The supporting gas was Ar satu-
rated with Zn(AA.), vapors and O. During n*-ZnO layer
deposition, the temperature of the Zn(AA,), source was
120°C; aflux of Ar mixed with O, in the proportion of
[Ar]/([Ar] + [O,]) = 0.5 was used. The n*-ZnO layers
were 0.15 um thick; the electron concentration in these
layerswas (5-8) x 10'° cm3, and el ectron mobility was
~50 cm? V-1 s, An n-ZnO layer 100-300 A thick was
then deposited using electron-beam evaporation of

n-ZnO crystals (p = 10> Q cm). Finally, a Pd layer
~400 A thick was deposited using vacuum evaporation.
Figure 1lashows a schematic representation of the com-
plete structure.

We measured the steady-state current—voltage (1-V)
characteristics and photoelectric parameters of the
structures using conventional instrumentation.

Figure 2 showsatypical dependence of forward cur-
rent on the applied voltage (a positive voltage was
applied to Pd) for one of the samples; the measure-
ments were performed at T = 300 K. Two power-law

(a) Pd

< n-ZnO
_n*-ZnO
_-p-Si
Al
(b)
1!’ ]n

n*-ZnO

Pd n-ZnO p-Si

Fig. 1. (a) Schematic cross section and (b) presumed energy
band diagram of a p-Si—n*-ZnO-n-ZnO-Pd structure.
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portions are observed in the 1-V characteristic; in the
first portion (for V < 0.2 V), we have | O V1215
(depending on the sample), whereas in the second por-
tion, | O V3. Figure 3 shows the spectral photosensitiv-
ity of a structure in the wavelength region of A >
0.6 um. Two relatively narrow bands that peaked at
Amax = 0.95 and 2.65 um are observed. Thefirst of these
bands is obvioudly related to the photovoltage value
generated in the n*-ZnO—p-Si heterojunction, whereas
the second band with a lower intensity is governed by
the n-ZnO—Pd Schottky barrier.

A distinctive feature of the charge-transport mecha-
nism in the structure is its negative photosensitivity,
i.e., the decrease in (a suppression of) the dark forward
current | when the structure is exposed to illumination,
with wavelengths of photons being in the range of
0.7-1.2 um (see Fig. 4). The current-suppression curve
isthe inverted photosensitivity curve (see Fig. 3). Only
positive photosensitivity is observed for reverse-biased
structures.

The applied forward bias voltage is distributed over
the three regions of the structure as

V =V, +V,+ Vg, (D)

where V, is the voltage at the Pd-n-ZnO Schottky bar-
rier, V, is the voltage drop across the n-ZnO layer, and
V3 is the voltage at the n*-ZnO—p-Si heterointerface.
The existence of an extended region of cubic depen-
dence of the current on the voltage suggests that the
main fraction of the applied bias voltage drops across
the n-ZnO layer; thus, we may assumethat V, > V,; and
V, > Vs The aforementioned power-law (V) depen-
denceis characteristic of the mechanism of the charge-
carrier double injection in the drift approximation.
According to the theory, we have

| = pnpprpv3/L5, 2

where L isthe high-resistivity layer (n-ZnQ) thickness,
M, and 1, are the electron and hole mobilities, and 1, is
the hole lifetime.

A crude estimation of 1, using formula (2) for p, <
1cm? Vst <y, yields avery small value for T, on
the order of or smaller than 10° s. Electrons are
injected into the n-ZnO layer from the n*-ZnO side (see
Fig. 1b), whereas holes are injected from the Pd side.
As was shown previoudy [4], relationship (2) follows
from the condition that the distribution of injected holes
features a pronounced minimum. In the situation under
consideration, this minimum is positioned closer to the
Pd—n-ZnO heterointerface. Thus, the transit time of
electrons

t, =

HaV
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Fig. 3. Spectral photosensitivity of ap-Si-n*-ZnO-n-ZnO-
Pd structure.

amounts to 101102 s and corresponds to the condi-
tions of the so-called dielectric relaxation, in which
case t, < Ty and t, < T, where 1, is the Maxwell
relaxation time. Under these conditions, the role of
charge carriers in thermal equilibrium is unimportant,
and the space charge is neutralized by injected elec-
trons and holes. The effect of negative photosensitivity
is not observed in this region. This effect is typical of
the transition portion in the |-V characteristic for low
injection levels. In our opinion, it is possible to explain
the mechanism of the forward-current suppression by
light in the structures studied on the basis of special fea-
tures of the mechanism for the capture and recombina-
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Fig. 4. Suppression of current by light (Ig—1,) in a p-Si—
n*-ZnO-n-ZnO—Pd diode structure as afunction of theillu-
mination wavelength; here, | jisthedark currentand |, isthe

current in illuminated structure. Positive photosensitivity
observed under excitation with infrared radiation in the
range of A = 2.6-2.7 pum is shown in the inset.
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Fig. 5. Suppression of thedark current |4 asafunction of the
excitation-radiation intensity 6 (A = 0.98 um).

tion of charge carriers in the n-ZnO layer. A similar
effect (negative photoconductivity) was observed in Ge
when minority charge carriers were excited to the
impurity level [5]. In particular, the possible increasein
theresistivity of semi-insulatorsunder injection of minor-
ity charge carriers has been discussed previoudly [6].

In the case under consideration, we may assume that
compensated acceptor levels E,; were formed in the
lower half of the band gap of then-ZnO layer asaresult
of the technological process of forming the structure
and, in particular, of the above layer (Fig. 1b). Itisrea
sonable to assume that these levels should feature a
large capture cross section for minority charge carriers
(holes). It is possible that one of the E, levels has a
larger concentration N; and is the most efficient in the
course of recombination. The donor level E, lies above
the equilibrium Fermi level Eg, so that the ionization
energy E4 > KT; i.e, the rate of thermal excitation of
electronsto the conduction band islow [thisrateis pro-

SLOBODCHIKOV et al.

portiona to ymexp(—E4/KT), where mis the number of
occupied centers]. Under excitation with light with the
wavelength corresponding to the fundamental absorp-
tion in silicon, electron—hole pairs producing the pho-
tocurrent are generated at the heterojunction. As this
takes place, the nonequilibrium electrons are thermal-
ized in the n*-ZnO layer, whereas holes (the minority
charge carriers in n-ZnO) are captured by efficient E,;
recombination centers in this layer. For these centers,
the recombination probability is proportional to the
product of the electron capture coefficient vy, by the
concentration of thermally equilibrium charge carriers
n, so that

E,~E,
Yah > Y,P, expE—4 =25 3)

where P, isthe effective density of statesin the valence
band and the coefficient of electron capturey, is larger
than the coefficient of capture by the E, centers. Under
these conditions, the high rate of recombination of non-
equilibrium photogenerated holeswith thermal equilib-
rium electrons results in the suppression of the forward
dark current. The magnitude of suppression defined as
lq—1, (I4isthe dark current and I, is the current in the
structure under illumination) depends on the concentra-
tion of nonequilibrium holes and increases with
increasing illumination intensity (Fig. 5). The charac-
teristic current-suppression curve (Fig. 4) is obviously
related to variation in the coefficient of collection of the
electron-hole pairs. Most probably, a high recombina-
tion rate at the n*-ZnO—p-Si heterointerface markedly
reduces the above coefficient; the same occurs in the
long-wavelength region. In both cases, the flux of pho-
togenerated holes to the E,; levels is reduced corre-
spondingly and the recombination rate is lowered,
which results in the current-suppression curve that
resembles the inverted spectral-photosensitivity curve.
The narrow photoresponse band that peaked at A =
2.65 um can be accounted for by a high rate of surface
recombination in the adjoining space-charge layer as
well. We relate this band to the electron transit through
the Schottky barrier from Pd to the n-ZnO layer. Only
positive photosensitivity was observed for this band
(see theinset in Fig. 4). This supports the assumption
that the generation of minority charge carriers playsthe
determining role in the emergence of negative photo-
sensitivity.

It should be noted that measurements of the current-
suppression dependence on temperature have shown
that this effect is observed at T > 120 K, with its mag-
nitude increasing with temperature. Only positive
photosensitivity is observed at T < 120 K. This indi-
cates that the conditions for observing the suppression
of current by light are limited. At low temperatures, the
concentration of charge carriersin thermal equilibrium
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decreases and the Fermi level changes its position with
respect to the levels E4 and E,;, which affects markedly
the mechanisms of trapping and recombination and
thusresultsin the disappearance of the current-suppres-
sion effect.
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Abstract—The noneguilibrium field effect associated with deep surface states at the SiO,/6H-SiC interface has
been observed and studied in a6H-SIC MOSFET of depl etion—accumulation type. An analysis of the relaxation
of channel conductance at elevated temperatures upon filling of the surface traps with nonequilibrium carriers
has shown that the energy distribution of the surface traps has the form of a narrow Gaussian peak in the upper
half of the 6H-SiC band gap, with a peak energy E: — E;,, = 1.19 €V, peak width AE; = 85 meV, and electron
capture cross section 0, = 104 cm?. These surface states are believed to have the fundamental nature of “ oxi-
dation defects’ similar to P, centers in the SIO,—Si system (of dangling silicon bonds). © 2001 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Sofar, several typesof MOSFET s have been created
on the basis of silicon carbide [1-4]. However, these
transistors are as yet inferior to SiC transistors with a
p—njunction or Schottky barrier asregardsthe effective
mobility of electronsin the channel, which isdueto the
influence of electron traps at the SIO,/SiC interface [5].

Traps at the SIO,/SIC interface have been exten-
sively studied by anayzing the capacitance-voltage
(C-V) characteristics of SIC-MOS capacitors (see, e.g.,
[6-8]). However, the majority of studies have been per-
formed at room temperature, which gives no way of
revealing deep statesin such awide-gap semiconductor
as SIC (for example, deep states adversely affect the
threshold voltage and the subthreshold transconduc-
tance of inversion-channel transistors).

In this paper, the nonequilibrium field effect at ele-
vated temperatures in deep surface states at the
SiO,/6H-SIC interface was studied. Depletion—accu-
mulation 6H-SIC MOSFETs with doped n channels
served as the object of study. In these transistors (nor-
mally in on-state), variations in the trap filling at the
oxide—semiconductor interface lead to changes in the
thickness of the depletion region at the gate, and, con-
sequently, to changes in the drain current. The surface
state parameters, namely, their energy distribution in
the 6H-SiC band gap and the el ectron capture cross sec-
tion, have been determined from the kinetics of the
channel conductance after nonequilibrium filling of
surface traps with electrons. The data obtained are
compared with the results of other studies, and the
nature of the states revealed is discussed.

2. SAMPLES AND EXPERIMENT

Transistors (Fig. 1) were based on epitaxial 6H-SIC
p*—n—n* structures CV D-grown at the Industrial Micro-
electronics Center in Stockholm, Sweden. The device
was fabricated according to the following standard pro-
cesses: (i) reactive-ion etching of SiIC in Sk plasmato
form mesa structures and to make the channel between
the source and the drain thinner; (ii) thermal oxidation
of the SiC surface in a flow of humid oxygen to form
the gate dielectric; (iii) thermal burning-in of nickel
to obtain ohmic contacts to the source, drain, and
p*-substrate; and (iv) formation of amolybdenum MOS
gate. The resulting discrete mesa-isolated transistor
structures had the following parameters: the donor den-
sity in the channel was N = 5 x 10'® cm3; channel
thickness, d = 1.5 um; channel length, L = 5 um; chan-
ne width, Z = 0.56 mm; mesa-structure area, S =
0.35 x 0.25 mm?; and thickness of the gate SiO, layer,
doy = 0.1 Nm.

The donor impurity concentration in the channel
and the thickness of the channel’s active region were
chosen so that the density of donors per unit area (Nd)
did not exceed 10> cm™. This ensured that the drain
current was highly sensitive to charge variations at the
interface. In the structure under study, the drain current
can be controlled by both the upper MOS gate and the
lower p*—njunction. The p*—n junction can al so be used
to inject holes into the surface, where they recombine
with nonequilibrium electrons captured by surface
states.

The drain current relaxation curves were taken in
the dark a severd temperatures in the range
293-442 K, using an XY recorder. During the record-
ing, a constant temperature was automatically main-
tained to within 0.1 K. The measurements were donein
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the linear mode of transistor operation, which was
ensured by applying a small voltage Vps = 100 mV to
the drain. In this case, the measured drain current is
directly proportional to the channel Gpg conductance:

| = GpsVps.

3. EXPERIMENTAL RESULTS
AND QUALITATIVE INTERPRETATION

Figure 2 presents current—voltage characteristics of
the fabricated transistors, taken with an L2-56 curve
tracer in the depletion regime (in single- and double-
gate operation modes). These characteristics aretypical
of the depletion-type transistors: the drain current satu-
rates well and is controlled by a negative voltage on the
MOS gate or the p*—n junction.

A study of the effect of the MOS-gate voltage pulses
on the drain current demonstrated that the character of
the channel conductance modulation depends substan-
tially on the polarity of the applied pulse. Figure 3 dem-
onstrates the modulation of the room-temperature con-
ductance produced by negative and positive pulses of
5V amplitude and 1 s duration. During the negative
pulse, the conductance decreases from 2.1 mA/V to
nearly zero, and its initial value is restored almost
instantly after the pulse ends. During the positive pulse,
the conductance slightly increases, but, after the pulse
ends, the transistor is almost in the off-state (the con-
ductance also falls nearly to zero, but is not restored
during the experiment).

The initial conductance of the channel could be
restored in three ways: (i) by illuminating the structure
with visible light; (ii) by applying a positive voltage to
the p*—n junction; and, finally, (iii) by elevating the
temperature (the respective drain current relaxation
curves at different temperatures are represented by
solid linesin Fig. 4). It can be seen that the characteris-
tic time of the relaxation process decreases from sev-
eral hundred to several seconds with the temperature
increasing in avery narrow range from 391 to 442 K.

We ascribe the behavior of the drain current
observed to the effect of deep surface states, partialy
filled in quasi-equilibrium conditions. With a negative
voltage applied to the MOS gate, the electron charge of
surface states becomes nonequilibrium (excess). In the
dark, surface state filling can return to quasi-equilib-
rium via thermal excitation of electrons from the sur-
face states; for deep levels, the characteristic time of
this process at room temperature may be very long.
After the pulse ends, theinitia stateisrapidly regained.
Consequently, no substantial variation of the charge on
surface states occurs under the action of the negative
pulse.

When a positive voltage is applied to the MOS gate,
electrons from the conduction band are quickly cap-
tured by the initially free surface states. This resultsin
the positive potential of the MOS gate being screened:
the applied voltage drops mainly across the insulator,

SEMICONDUCTORS Vol. 35 No. 4 2001
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Fig. 1. Schematic cross section of 6H-SIC MOSFET with a
buried n-doped channel and two opposite gates.
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Fig. 2. Families of source-drain current—voltage character-
istics of a 6H-SIC MOSFET, taken at room temperature in
the channel depletion regime (common-source circuit):
(a) single-gate regime (one gate grounded, negative bias on
the second), (b) double-gate regime (the same negative bias
on both gates). Upper curves correspond to a zero-biased
gate. The gate biasis changed in 1-V increments.

]
14
s

Fig.3. Modulation of the channel conductance by negative
(-5V) and positive (+ 5 V) pulses on the gate. Room tem-
perature.
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Fig. 4. Relaxation curves of the drain current after applying
a positive (+5 V) pulse to the MOS gate. Temperature T:
(2) 391, (2) 404, (3) 417, (4) 430, and (5) 442 K. Solid
curves, experiment; dotted curves, approximation (for
explanations, see the text).
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Fig. 5. Semiconductor band diagrams at several instants of
time after applying a positive pulse to the MOS gate:
(a) immediately after the pulse end (t = 0), (b) at an instant
of time during the current relaxation, and (c) quasi-equilib-
rium state (t = o).
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while the thickness of the depleted region at the gate
and the drain current change only dightly. After the
pulse ends, the negative charge of the trapped electrons
becomes nonequilibrium. This “frozen” excess charge
leads to nonequilibrium depletion in the semiconduc-
tor, which is responsible for the drop of the drain cur-
rent after the end of the pulse. In thisregime, the resto-
ration of the quasi-equilibrium conductance by the
methods described above can be explained in the con-
text of (i) structureillumination by optical transitions of
nonequilibrium electrons from the surface state levels
to the conduction band; (ii) the positive bias of the p*—n
junction, attained by injecting holes from the p* region
to theinterface, where they recombine with nonequilib-
rium electrons in surface states; and (iii) atemperature
increase from the thermal emission of nonequilibrium
electronsfrom the surface state level s to the conduction
band.

IVANOV et al.

4. QUANTITATIVE MODEL OF CURRENT
RELAXATION

Now we discuss the relaxation of the system after
nonequilibrium filling of the surface states with elec-
trons, i.e., after applying a positive bias pulse to the
MOS gate. Figure 5 shows band diagrams of the semi-
conductor at different instants of time: (a) immediately
after the end of the pulse (t = 0), (b) at a certain instant
of time during the current relaxation, and (c) after the
attainment of quasi-equilibrium (t = ). The diagrams
in Figs. 5aand 5b refl ect the nonequilibrium state of the
system, with the Fermi quasi-levelsfor electronsin sur-
face states (F,) and those in the conduction band (F,)
not coinciding and lying on opposite sides of the quasi-
equilibrium Fermi level (F).

Let usfirst relate the changes in the excess electron
concentration in surface states, An(t), and in the drain
current, Al(t), with time.

During relaxation, a change in the charge of the sur-
face states, AQ,, is accompanied by changes in the
chargeson the metallic electrode, AQ,,,, and in the space
charge region (SCR), AQ.. The relationship between
these quantities is governed by the overall electroneu-
trality of the system:

AQu(t) = {AQy(t) +AQ4(1)]. (D)

In its turn, a change in the surface potential (A is
equal to the voltage drop acrosstheinsulator (AV,,), the
sign being reversed:

Aws(t) = _Avox(t)- (2)
By definition, AV,, isrelated to AQ,, by
_ AQy
AVOX - Cox ’ (3)

where C,, isthe insulator capacitance per unit area. In
turn, the quantity Ayg(t) can be expressed in terms of
changes in the SCR thickness in the semiconductor,
Ah(t):
oY, = _whAh, h(t) = M
€ 2

(4)

where g isthe absolute value of the electron charge, and
& isthe dielectric constant of the semiconductor. Let us
make use of some evident relations for charges in the
surface states and in the SCR of the semiconductor:

AQ, = —gAn,, AQs = gNAh. ©)

Then the expression relating the change in the electron
concentration in surface states to a change in the SCR
thickness can be brought to the form

An(t) = NAh(t)[1+%G_)} doy = :_s

oX (4

dox,  (6)

where g, is the dielectric constant of the oxide layer.
The quantity d,, in (6) is caled the length of surface
SEMICONDUCTORS  Vol. 35
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charge screening by ametallic electrode. Itsmeaning is
well understood in the limiting case of athick insulator.
If dy, > h, then the charge of the metallic electrode does
not change during relaxation, with changes in the
charge in the surface states and in the SCR being equal
in absolute value (but having opposite signs). Con-
versely, the thinner the insulator, the stronger the
screening of the surface charge by metal.

In the linear mode of transistor operation, the
change in the drain current is proportional to that in the
SCR thickness: Al(t) O —An(t). If |Ah(t)| < h(0), the
time dependence Al (t) coincides, within a constant fac-
tor, with the time dependence Ah(t), so that

Al(t) _ Ang(t)
A1(0) ~ An,(0) "

Now we consider the kinetics of filling monoener-
getic surface states after a departure from quasi-equi-
librium. For a monopolar n-type semiconductor and its
surface state levelsin the upper half of the band gap, the
carrier exchange between the traps and the valence
band can be neglected. Furthermore, when initia
excess filling of traps occurs at the start of the relax-
ation process, the capture of electronsfrom the conduc-
tion band is also negligible. Then the kinetic equation
describing the thermal emission of electrons from the
traps has the simplest form:

dn, _ G, = X
de Mottt o) ©
— EtD -1 _
nl - NCeXpD kT D (Tn) - Onvnlv

where g,, isthe cross section of electron capture by sur-
face traps, v is the thermal velocity of electrons, N¢ is
the effective density of states in the conduction band of
the semiconductor, E- — E; is the energy depth of the
surface state levels in the band gap relative to the con-
duction band edge, and KT is the thermal energy.

The solution to (8) has the form

An(t) _ _ tQ
An0) ~ XPOTO ©)

According to (7), the relaxation curve for the current in
the linear transistor operation mode must obey the
expression

Al(t) _
AI(0) ~

It was found that in the case in question the time
dependence of Al(t)/Al(0) is not described by a simple
exponent (10), being a superposition of exponents with
different t,,. The reason for thisisthat the surface states
under study are distributed over a certain energy range.
For a quasi-continuous energy distribution of surface
states (D,(E) is the density of states as a function of

oto

d—5 (10)
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energy), states lying in arbitrarily chosen intervals dE
near the energy E are depleted in accordance with the
law for the monoenergetic surface states (9), where 1,
grows exponentially with increasing level depth. In this
case, the position of the Fermi quasi-level for electrons
in surface states, F.(t), can be determined for any
instant of timet > 0 from the condition

C— Fnt(t)[l

T(Fr) = t = (OvNo) "exp— =" (1)

Ec—F.(t) = KTIn(o,vNct). (12
Expression (12) shows that in the course of relaxation
the quasi-level F,; moves toward the midgap. It is
assumed that at any given instant of time all the surface
state levels lying above the Fermi quasi-level are free,
and all those below the Fermi quasi-level arefilled with
electrons. Then the time variation of An, is calculated
to be

Fr(t)
an() = [ D(E)E.

F

(13)

Further, we consider surface states with a Gaussian
density distribution over energy:

(14)

DA(E) = Dtmexp[—w}.

2(AE,)?

Also, we consider asituation when (i) the concentration
of quasi-equilibrium electronsin surface statesis much
smaller than the total concentration of levels (Fg <
E.,— AE) and (ii) theinitial concentration of nonequi-
librium electrons in the surface states is close to the
total concentration of levels(F(0) > E,+ AE). Ingen-
eral, these conditions can be fulfilled by choosing the
initial bias on the gate and the amplitude of the positive
pulse.

Changing the variables, X = (E — E;,)/AE,, and tak-
ing into account relation (12), we obtain the relative
change in the drain current with time in the form

Al(t) _ Ang(t) _ D X?
X, 15
AI(0) ~ An(0) I ﬁ Bd (15)
_ Ec—E—KTIn(o,vNct)
Z(t) = AE, : (16)
Thus, at known surface state parameters (E: — E;,,

AE,, and g,), the time dependence of the drain current
is described by the function defined by (15) and (16).
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Fig. 6. tg 5 vs. 1000/T (for explanations, see the text).

5. APPROXIMATION OF EXPERIMENTAL
RESULTS

The inverse problem (determining the surface state
parameters from a measured current relaxation curve)
can be solved by approximating the experimental curve
by the function obtained above (with three fitting
parameters). As seen from (16), at afixed temperature
the quantities E¢ — E;, and kTIno,, make additive con-
tributions to the Z(t) function, and, therefore, a numer-
ical approximation of a single experimental curve can-
not give a single-valued result for the parameters E —
E.m and o, Conseguently, one of the parameters,
namely, E; — E;,,, was found using the results of tem-
perature measurements.

In the situation under study, the Fermi quasi-level
for electrons in surface states passes through the peak
in energy distribution of surface states at the instant of
timety 5, when Al (t)/AI(0) = 0.5: F(ty5) = Eqp Accord-
ing to (11), t; 5 depends on temperature as follows:

_ —Ey
tO.S = (Tn)max = (GHVNC) 1eXp%E—C—|Z-F—t—E|r

17)
According to thisformula, the energy depth of the den-
sity-of-states peak is found as the activation energy of
the quantity t,s, measured at severa temperatures.
Other surface state parameters (AE, and o,)) were deter-
mined for each temperature by computer approxima-
tion of the experimental Al(t)/AlI(0) curves, but now

Best-fit parameters AE; and o,, obtained by approximating
current relaxation curves using a function described by (15)
and (16)

Temperature T, K
391 404 417 430 442

AE;, meV 85 83 85 86 92
10% g, cm?| 2.8 2.8 2.6 2.2 23

Parameters

IVANOV et al.

with only two fitting parameters. For this case, the inte-
gral of the probability distribution, appearing in (15),
was calculated using the known formula

} L oY Ty
~2m ‘ (18)

2
- 1_iexp5_%%alz+ a222+ +a5zs).

J2m

wherez=1/(1+ px), p=0.232, a, = 0.319, a, = -0.357,
a; = 1.781, a,= —1.821, a; = 1.330 (with acalculation
error of no morethan 7.5 x 1078).

Figure 6 presents the dependence of t,5 on 1/T plot-
ted in semilogarithmic scale using the experimental
data from Fig. 4. The dope of this straight line corre-
sponds to the energy depth of the peak in the surface
state distribution, E: — E;,, = 1.19 eV. The results of a
computer approximation (using two adjustable param-
eters) of current relaxation curves at severa tempera-
tures are shownin Fig. 4 by dotted lines, and the adjust-
able parameters obtained for these temperatures are
given in the table. In the calculations, the following
room-temperature values of the thermal velocity and
the effective density of states in the conduction band
were taken: v(T = 300 K) = 2 x 10’ cm/s and
Nc(T =300 K) = 10%° cm (it is noteworthy that the
deviation of the product vN introduces error only into
the capture cross section 0,,).

As seen from Fig. 4 and the table, the discussed
model describes the experimental datafairly well. The
integral trap density can be evaluated on the basis of the
transistor being nearly fully turned off when applying a
+5V pulseto the gate. This meansthat theintegral den-
sity of states (N;) must be higher than the sheet density

of donorsin the channdl, i.e., N, > Ny = 7.5 x 10** cm2.

Thus, the surface traps responsible for the observed
nonequilibrium field effect have an energy distribution
in the form of anarrow Gaussian peak in the upper half
of the 6H-SiC band gap. Theintegral density of trapsis
about 10% cm, the ionization energy in the distribu-
tion peak E; — E;,= 1.19 eV, the peak broadening AE; =
85 meV, and the electron capture cross section g,, =
10 cm?.

6. DISCUSSION OF THE RESULTS

Deep surface states with parameters close to those
listed above were detected in our previous studiesusing
other experimental methods. Among these, a compara-
tiveanalysis of the dark and light C-V characteristics of
6H-SiC(0001)C MOS capacitors at room temperature
revealed the existence of states with an ionization
energy exceeding 1 €V and integral density of no less
than 10 eV~ [9]. The density-of-states peak at the
energy Ec — E;, = 1.2 €V, with an integral density of
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about 10" cm™ has been reveded by analyzing the
high-temperature (600 K) C-V characteristics of
6H-SiC(0001)Si MOS capacitors[10]. Moreover, sim-
ilar states have been found on a “free” surface of SIC,
not subjected to special oxidation. Studies of low-fre-
guency noisein thin 4H-SiC films[11] have shown that
the generation—recombination noise observed at ele-
vated (550-700 K) temperatures is due to surface traps
with ionization energy E; — E; = 1.3 €V, density N, =
1.5 x 10% cm2, and electron capture cross section g, =
104 cm?. It is worth noting that for 6H- and 4H-SIC
the density-of-states peak lies about 0.3 eV above the
midgap. The existence of these surface states provides
a consistent explanation for the dependence of the
height of the Schottky barrier formed on a SiC surface
with athin layer of natural oxide on the work function
of ametal [12].

We believe that the states revealed are similar in
nature to P, centers in the SiIO,/Si system. These cen-
ters, making a major contribution to the density of sur-
face states, are “oxidation defects’—silicon dangling
bonds [13]. The centers are amphoteric and giverise to
two density-of-states peaks in the silicon band gap.
Acceptor states corresponding to electronic transitions
0/—lieinthe upper half of the gap, and donor states cor-
responding to electronic transitions +/0, in the lower
half. The difference between the detachment energies
for the first and second electrons (the so-called “corre-
lation energy”) is about 0.6 eV. If we assume the exist-
ence of a symmetrical peak of surface states in the
lower half of the SIC band gap, the“ correlation energy”
will also be about 0.6 eV. Finally, assuming that this
energy is determined by theinternal structure of acen-
ter, we suggest that the nature of deep surface states at
the SIO,/SIC interface is similar to P, centers in the
SiO,/Si system. The integral density of states and the
broadening of the density peak depends on the crystal-
lographic orientation and the conditions of the SiC sur-
face treatment: the density of states is lowest on the
well-oxidized surface of (0001)Si orientation and high-
est on afree SiC surface with (0001)C orientation.

7. CONCLUSION

A nonequilibrium field effect associated with deep
surface states has been found and studied in the SiO,—
n-6H-SIC system. The revealed states are “oxidation
defects’ similar to P, centersin the SIO,—Si system and
characterized by the following parameters: ionization
energy in the distribution peak of E- — E,, = 1.19 eV,
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peak broadening of AE; = 85 meV, and an electron cap-
ture cross section of g, = 1074 cnm?.
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Abstract—Three approximations of the “island” background charge are described within the proposed 2D
numerical model of the metal single-electron transistor. These approximations fit the experimental data well
when calculating 1-V characteristics of single-electron transistors according to the model developed in
many cases. The validity of these approximationsis exemplified by specific calculations of 1-V characteristics.

© 2001 MAIK “ Nauka/lnterperiodica” .

INTRODUCTION

A topical line of research in nanoelectronics is the
development and study of device structures based on
the single-electron tunneling effect. Currently, much
attention is being paid to single-electron transistors
owing to the advantages of using these transistors in
various devices including integrated circuits with a
higher level of integration compared to the known ones
[1, 2]. The study and development of single-electron
transistors call for adequate models.

The best known modelsfor calculating the el ectrical
characteristics of single-electron transistors are those
based on semiclassical approximation and the solution
of the master equation [3], as well as on the Monte
Carlo method [4]. These models allow one to calculate
the device characteristics on the basis of its equivalent
circuit, taking discrete tunneling events into account.
To achieve agood fit to the experimental data, matching
parameters are introduced in various models when sim-
ulating the device and structure characteristics. Such
parameters in the above models include the tunneling
junction resistance and capacitance, the gate capaci-
tance, and the “idand” background charge. A two-
dimensional (2D) numerical model of the metal single-
electron transistor was proposed in [5-7] within the
semiclassical approximation, which allowsthe physical
characteristics of the device to be calculated in relation
to the structural design, technological, and physical
parameters. This model is characterized by fewer
matching parameters: these are the density of statesin
metal electrodes and the island background charge. In
many cases, good agreement with experimental data
can be achieved within the 2D numerica model
neglecting the background charge, i.e., using a single
matching parameter [5, 6].

In this paper, we describe three approximations for
the island background charge within the proposed
2D numerical model and show their validity.

BACKGROUND CHARGE CONSIDERATION

In the known semiclassical models [3, 4], the back-
ground chargeistreated asacertain constant Q, = Ny,

where eisthe elementary charge. In this case, the num-
ber of excess carriers on theisland is given by

N' = N;+ Ng, Q)

where N; isthe number of island carriers participating

in tunneling, and Ny can be a noninteger number to be
fitted to the experimental data.

The model developed is based on the numerical
solution to the 2D Poisson equation (the effect of a
magnetic field on transistor operation is neglected); i.e.,
(see [5-7]) we have

8 (xy) = —Qu )

where € isthe dielectric constant (€ = €, in the conduc-
tive island region and € = g; in the insulator region);
¢ isthe electrostatic potential; and qy is the volume
charge density including the density g, of carriers
directly involved in tunneling, as well as the back-
ground charge density q,. A finite-difference approxi-
mation of the Poisson equation (2) was proposed in
[6, 7] on the basis of the Tikhonov—Samarskii integral
interpolative approach combined with a number of
assumptions. Thus, the averaged density of excess
charges at theisland, integrated over the area Sof acell
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in aspatia discretization mesh iswritten as (see[7])
N
F = J’J’quS =
S

, 3
kLchar ( )
where N isthe number of excess carriers per spatial dis-
cretization cell of area S kisaconstant, and L., isthe
island length in the carrier transport direction. As the
data of [7] show, the most expedient numerical values
of the coefficients k lie within the interval [1/6, 1/4].

Unfortunately, the background chargeisin fact ran-
domly distributed over the island. Therefore, it is gen-
eraly virtually impossible to adequately describe it
microscopically. Below, we show that this description
is not needed, at least within the semiclassical approx-
imation. We propose three approaches to account for
the effect of the background chargein the 2D numerical
model developed with consideration of a very small
number of discrete charges composing the island back-
ground charge.

In the first approach, it is assumed that the back-
ground charge distribution is analogous to the distribu-
tion of achargeinvolved in tunneling. Then, formula(3)
can be written as

N; + Ng
F = : 4
kLchar ( )

where N; and N, are the numbers of excess carriers
involved in tunneling and controlling the background
charge, respectively.

In contrast to the first approach, the second implies
a uniform distribution of the background charge over
the entire island area. In this case, the function F is
written as

N, + NoS/L,L,

= - 5

kLchar ( )

whereL, and L, are theisland Iength and width, respec-

tively, and N, is the total number of excess carriers of
the idand background charge.

However, one should consider the probability of
background charge dependence on transistor operating
conditions, in particular on the drain voltage. In this
case, it is expedient to write the number N of excessive
carriersas N = k;N;, where k; is the coefficient account-
ing for the background charge and its dependence on
the device operating conditions.

Hence, in the third approach, k; is the matching
parameter depending on the operating voltage. An anal-
ogous example of a matching parameter dependent on
the operating conditions is the bipolar transistor gain.
Thus, formula (3) in the third approach takes the form

K¢ Ny
F = :
kLchar

(6)
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Fig. 1. I-V characteristics of the single-electron transistor
based on Al/AIO,/Al tunnel junctions: (1) experimental data
of [8] and (2) data cal culated in the context of the 2D numer-
ical model.
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Fig. 2. I-V characteristics of the single-electron transistor
based on Al/AIO,/Al tunnel junctions for various island

background charges (see text).

THE RESULTS OF SIMULATION

Choosing one of the above approachesto theisland
background charge, a good fit to the experimental data
can be achieved in many cases when calculating the
I-V characteristics of single-electron transistors
according to the proposed 2D numerical model.

We consider several examples. Figure 1 shows the
dependence of the current | on the drain voltage V,, cal-
culated using the 2D numerical model for a transistor
based on AlI/AIO,/Al tunneling junctions at an operat-
ing temperature of 0.05 K (curve 2) in comparison to
the experimental data of [8] (curve 1). We chose the
third approach to the background charge approxima-
tion, which yields a satisfactory fit to the experimental
data. The coefficient k; accounting for the background
charge is constant.

We also calculated |-V characteristics of the device
with other background charges (see Fig. 2). Curves 2
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Fig. 3. I-V characteristics of the single-electron transistor
based on Ti/TiO,/Ti tunnel junctions: (1) experimental data

of [9], (2) the data calculated neglecting the background
charge, and (3, 4) the data calculated according to the first
(second) and third approachesto the background charge dis-
tribution, respectively.

and 3 correspond to the smallest and greatest chosen
charges, respectively. It is evident that the background
charge variation significantly affects the Coulomb
blockade range (the drain voltage V, range corresponds
to the zero current) and affects the current only dightly.
We note that the background charge in the known semi-
classical model [1] also has a strong effect on this
domain.

As mentioned above, one of the proposed
approaches applied to the approximation of the back-
ground charge distribution allows a good fit to the
experiment. In many cases, al three approaches can be
employed, which yields almost the same |-V character-
istics. As an example, Fig. 3 displays |-V characteris-
tics for a transistor based on the Ti/TiO,/Ti tunneling
junctions corresponding to calculations by various
approaches (curves 3, 4), as well as to a calculation
neglecting the background charge (curve 2), and in
comparison to the experimental data of [9] (curve 1).
The data calculated by the first and second approaches
coincide quite well and correspond to curve 3. It isalso
evident from Fig. 3 that the characteristics calculated

ABRAMOV, NOVIK

taking the background charge into account differ signif-
icantly only in the Coulomb blockade domain compared
to the dependence constructed neglecting its impact.

CONCLUSION

To account for the island background charge, we
propose three approximations yielding a good fit to the
experiment. Their validity was demonstrated by calcu-
lating |-V characteristics of single-electron transistors.
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Abstract—The structure of two types of GaAs i—n—n-n* epilayers on GaAs[100lsemi-insulating substrates
was studied by electron microscopy. The low-temperature photol uminescence spectrawere measured and their
special features were analyzed. It is shown that the formation of dislocations during growth in such structures
significantly affects the photoluminescence spectra and impairs the parameters of microwave field-effect tran-
sistors based on these structures. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

lon-implanted and epitaxial GaAs structures are
widely used in the fabrication of microwave Schottky
gate field-effect transistors (SFETS). More stringent
requirements for the enhanced yield of semiconductor
devices, for an increase in their reliability, and for a
reduction of their degradation are stimulating further
studies of both the starting structures and the SFETSs
based on these structures.

The origin of the centers and mechanisms of radia-
tive recombination in GaAs crystalsimplanted with sil-
icon ions has been studied previously [1]. The effect of
the growth method on the background concentration of
carbon in GaAs films was studied by Tejayardi et al.
[2]. The objective of this study wasto gain insight into
the effect of dislocations formed during growth on the
photoluminescence (PL) of GaAs i—m—n—n* structures
and on the parameters of microwave SFETs based on
the above structures.

2. EXPERIMENTAL

We studied two types of i—-nm—n—n*-GaAs structures
that are used in conventional microwave SFETs. The
structures were grown by molecular-beam epitaxy in a
unified technological process.

The structures of the first type (sample 572) were
obtained in the growth chamber under a pressure of
(1.3-1.9) x 107 Pa, whereas the pressure was
(7.5-8.7) x 107® Pafor the structures of the second type
(sample 573). The structures of both types were formed

by consecutive deposition of an undoped buffer n~layer
and also n- and n*-GaAs active layers doped with Si to
different concentrations onto high-quality semi-insu-
lating i-GaAs1000substrates. The choice of Si as the
dopant was prompted by the wide use of Si in n-GaAs
technology.

The substrate temperature was maintained at 540 +
20°C. The thicknesses of the substrate and of the n—, n,
and n* layerswere 350, 1.0, 0.25, and 0.20 um, respec-
tively.

The concentration and mobility of electrons in the
layers were determined from the capacitance-voltage
characteristics and the measurements of the Hall coef-
ficient by the van der Pauw method, respectively.

Photoluminescence (PL) was excited with an LG
106 M-1 argon laser with a photon energy of 2.41 eV
and a power of 50 mW. The highest power density in
the focused beam amounted to 5 x 10 photon/(cn? s).
The PL spectra were measured with the samples
immersed in liquid helium and with the PL emission
coming from the surface on which the luminous flux
was incident; a setup based on a DFS-24 high-resolu-
tion (4.5 A/mm) spectrometer was used.

Electron microscopy measurements were per-
formed using a JSM-35 scanning el ectron microscope.

3. RESULTS AND DISCUSSION

Certain electrical characteristics of both types of the
i—n—n—n*-GaAs structures and the parameters of

1063-7826/01/3504-0477$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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Fig. 1. The PL spectra of i-m—n—n*-GaAs structures for
conventional field-effect transistors with the Schottky gate:
(1, 2) the emission from different spots of sample batch 572
and (3) the same for sample batch 573. In the inset, the cen-
tral portion of the PL spectrum for sample batch 573
(curve 3) isshown. T =4.2 K. The wavelength of the excita-
tion radiation was 5145 A. The characteristic energies hv
expressed in eV are indicated.

microwave SFETs based on these structures and mea-
sured at a characteristic frequency of 12 GHz are listed
in the table. We draw attention to the fact that even a
dlight deterioration of vacuum in the growth chamber
due to inleakage of atmospheric oxygen (apeak related
to oxygen was detected in the mass spectrum of resid-
ual gases only when the wafers of the 572 series were
grown) markedly affected the concentration and mobil-
ity of electronsin the n* and n layers of initial wafers.
In turn, this significantly impairs the basic operating

parameters of microwave SFETS, specifically, the noise
temperature and the gain.

Typical PL spectra |l of the GaAs structures stud-
ied are shown in Fig. 1. As can be seen, these spectra
differ significantly for the above two structures. Thus,
the PL spectra of the samples of the first type, recorded
from two different spots on the sample surface, are dif-
fuse and consist of a broad featureless edge band that
peaked at 1.523 eV with a steep short-wavelength wing
and agently sloping long-wavel ength wing, with alow-
intensity impurity band that peaked at 1.492 eV being
superimposed on the latter. It is significant that the
intensity of PL emission from these samples varies
from one point on the surface to another, which is a
clear manifestation of the nonuniformity of the sam-
ples.

The PL spectra of structures of the second type (see
curve 3 and theinset in Fig. 1) consist of a number of
narrow lines related to free excitons in the first excited
dtate (1.5187 €V), to polaritons of the upper (1.5157 V)
and lower (1.5148 €V) branches, to excitons bound by
neutral donors (D, X) (1.5140 eV), to the recombination
of free holes at a neutral donor (D, h) (1.5131 eV), and
to electron transitions either between the conduction
band and acceptors (E—A) (1.4938 and 1.4877 eV) or
in the donor—acceptor pairs (DAPs) (1.4915 and

1.4806 €V), in which the acceptors are carbon C,‘is and

silicon Si,‘is in a state of 1S;, with the thermal-ioniza-

tion energies of 26.5 and 35.1 meV, respectively [1, 3].
In addition, we note the following:

(i) The polaritonic channel of radiative recombina-
tion significantly dominates over all other channels.

(if) The quantum yield of radiative recombination
from the upper polaritonic branch is about three times
higher than that from the lower branch.

(iii) The lines related to the excitons bound at the
point structural defects (d, X) are absent in the PL spec-
tra.

Some electrical characteristics of GaAs i—-n—n—n" structures and the parameters of the Schottky-gate field-effect transistors

fabricated on the basis of these structures

The wafer no. 572 573

T, K 300 77 300 77
Electron concentration | n* 4 x10% - 3x 108 -
; -3
in the layers, cm n 5 x 107 _ 3x10Y -
The electron mobility | n* 1600 1660 2045 2140
H 2\/-1 1
inthelayers, cm™V=s™ 3260 2980 4465 3505
The SFET parametersat| Gain, dB 7-7.5 - 8.5-9 -
afrequency of 12 GHZ | 0 jge temperature, K 225-300 - 90-140 -

SEMICONDUCTORS ~ Vol. 35 No. 4 2001



THE EFFECT OF DISLOCATIONS

The PL spectra for samples of both types in the
range of the E~A and DAP transitions include low-
intensity lines of comparable intensities, which is

indicative of an approximately equa content of Cgs

and Si,‘iS atoms in each of the sample types. Conse-
guently, these impurities cannot be the cause of lower
electron mobilities in the n* and n layers in the wafers
of the first type and also of the inferior operating
parameters of microwave SFETs based on these layers.

Thus, all the aforesaid, together with the presence of
the spectra line related to free excitonsin astate of n=2,
is directly indicative of an insignificant concentration
of various lattice defects in the series of the 573 sam-
ples studied and, consequently, of a high degree of
structural perfection of these samples.

These inferences are consistent with the results of
electron microscopy measurements shown in Fig. 2. In
fact, sasmples of batch 572 have a block structure and
include a number of small-angle crystallite boundaries
over which various dislocations are located (including
the misfit dislocations at the interface between the
n- layer and the substrate) and penetrate even further
into the substrate (see Fig. 2a), whereas the sampl es of
batch 573 are homogeneous and of high quality and
have sharp i—n~and n—n interfaces (see Fig. 2b). Onthe
basis of the results obtained, we may conclude that the
dislocations formed during growth significantly impair
the quality of the i—-n—n—n" GaAs structures and the
parameters of microwave SFETSs based on these struc-
tures and that PL is areliable method for determining
the structural quality of such samples.

The crystal lattice of GaAsi—n—n—n"* structures dis-
torts under the effect of growth-related dislocations; as
aresult, the band gap E4 widens and the edge-emission
band shifts to higher energies by 3.8 meV. Such a situ-
ation has been observed previously [4] inthe PL spectra
of n-GaAscrystals subjected at 2 K to uniaxial pressure
along the [100[) [1100) and [1110directions. A shift of
the excitonic band to shorter wavelengths was
observed; the magnitude of this shift depended mark-
edly on the direction of the applied force. The largest
shift of this band for the above pressure directions was
~3.2, ~8.2, and 11.0 meV under the applied pressures
of 7.0 x 108, 1.1 x 10°, and 1.4 x 10° Pa, respectively.
This shift is approximately equal to, or exceeds by two
to three times, the value obtained for the i—n—n—n*
GaAs structures with growth-related dislocations.
However, it isimpossible to state the force direction or
to estimate the pressure imposed on such samples.

The observed special features of polaritonic emis-
sion may be due to scattering of the low-branch polari-
tons at various imperfections of the crystal lattice with
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Fig. 2. The results of examining the GaAs i—n—n—n* struc-
tures using a JSM-35 scanning electron microscope.
(a) Sample batch 572: (1) the substrate, (2) the interface

between the n™ layer and the substrate, (3) the n™ layer,

(4) the n layer, (5) the n* layer, and (6) the surface of the
sample; (b) samplebatch 573: (1) the substrate, (2) theinter-

face between the n™ layer and the substrate, (3) the n™ layer,
(4) theinterface between the n™ and n layers, (5) then layer,

(6) then™ layer, and (7) the sample surface. The width of the
scanned image is 11.3 um.

the subsequent transfer of these polaritons to the upper
branch [5, 6].

4. CONCLUSION

(1) Leakage of atmospheric oxygen into the growth
chamber during fabrication of i—m——n* GaAs struc-
tures by molecular-beam epitaxy is conducive to the
formation of didlocations during growth.

(2) The growth-related dislocations significantly
affect the PL spectra of i—-n—n—n* GaAs structures and
the concentration and mobility of electrons in the n*
and n layers and also impair markedly the parameters
of microwave SFETSs (i.e., the noise temperature and
the gain).

(3) Photoluminescence is a reliable method for
ng the quality of epitaxial i—n—n—n* GaAsstruc-
tures.



480 LISITSA et al.

ACKNOWLEDGMENTS

We thank E.P. Laurs for providing us with the sam-
ples and A.P. Ostryanitsa for performing electron
microscopy studies.

This study was supported in part by the Interna-
tional Science Foundation under a program supporting
education in the field of precise sciences (ISSP), grant
no. ERI052023.

REFERENCES

1. FV.Motsnyi, Author’'sAbstract of Doctoral Dissertation
(Kiev, 1993).

2. O.Tgayadi, Y. L. Sun, J. Klem, et al., Solid State Com-
mun. 46, 251 (1983).

3. V. G. Komarov, F. V. Motsnyi, V. F. Motsnyi, and
O. S. Zinets, J. Phys. Stud. 2, 555 (1998).

4. R. N. Bhargava and M. |. Nathan, Phys. Rev. 124, 695
(1967).

5. V. 1. Sugakov, Opt. Spektrosk. 26, 732 (1969).

6. Yu. V. Kryuchenko and V. |. Sugakov, Phys. Status
Solidi B 111, 177 (1982).

Trangdlated by A. Spitsyn

SEMICONDUCTORS Vol. 35 No.4 2001



Semiconductors, Vol. 35, No. 4, 2001, pp. 481-484. Translated from Fizika i Tekhnika Poluprovodnikov, Vol. 35, No. 4, 2001, pp. 495-498.
Original Russian Text Copyright © 2001 by A. Ivanov, Strokan, Davydov, Savkina, Lebedev, Mironov, Ryabov, E. Ivanov.

PHYSICS OF SEMICONDUCTORS

DEVICES

Radiation Hardness of SiC lon Detectors
under Relativistic Protons

A. M. Ivanov*, N. B. Strokan*, D. V. Davydov*, N. S. Savkina*, A. A. Lebedev*,
Yu. T. Mironov**, G. A. Ryabov**, and E. M. | vanov**

*| offe Physicotechnical Institute, Russian Academy of Sciences, Politekhnicheskaya ul. 26,
S. Petersburg, 194021 Russia
e-mail: alexandrivanov@pop.ioffe.rssi.ru
** Konstantinov Institute of Nuclear Physics, Russian Academy of Sciences, Gatchina, Leningrad oblast, 188350 Russia
e-mail: riabov@mail.pnpi.spb.ru
Submitted October 19, 2000; accepted for publication October 23, 2000

Abstract—Schottky diodes based on 6H-SIC epitaxial films exposed to 1000 MeV protons at a dose of
3 x 10 cm have been studied by precision a pha spectrometry. Parameters of deep levelsintroduced by pro-
tonswere determined by deep-level transient spectroscopy. The number of vacancies generated in proton tracks
was found using TRIM software. The width of the space charge region and the hole diffusion length before and
after irradiation were obtained by processing the apha-spectrometry and capacitance measurements. Minor
variations in the charge transport properties of epitaxial 6H-SIC detectors were observed. © 2001 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

Recently, considerable progress has been made in
the fabrication of high-quality single-crystal SIC sub-
strates and epitaxia films [1]. The interest of nuclear
physicistsin SiC as amaterial for hard radiation detec-
tors[2] isdueto the potentially high radiation hardness
of SiC devices and the possibility of operating them at
elevated temperatures [3].

Radiation hardnessisimportant, in particular, when
designing systems for detecting reaction products in
key experiments of high-energy physics. Presently,
experiments are being developed on CERN'’s Large
Hadron Collider, where the detectors should be opera
tional for at least ten years. In these experiments, the
doses of detector irradiation by relativistic particles are
within the limits 2 x 105 x 10 cm?, depending on
the detector position relative to the point of beam colli-
sion [4].

In these conditions, serious problems arise with
highly technologically developed Si detectors even at
doses of ~10"* cm™. Firgt, the dissipated power
increases dramatically (reverse currents and structure
depletion voltages grow). Second, the efficiency of
nonequilibrium charge transport falls, and, correspond-
ingly, the signal amplitude decreases. In a review [4],
the conclusion was made that a search for materials
with higher radiation hardnessisinevitable.

The effect of 8-MeV proton doses up to 2 x 106 cm
on 6H-SIC has been studied in [5]. Under irradiation,
the room-temperature free el ectron concentration in the
layer decreases, while the total charge of ionized impu-

rities IN, — N, | measured at the temperature T =
650 K increases. This means that under irradiation,
deep centers (DCs) are formed in the upper half of the
band gap, which capture the electrons from shallow
donors. These DCs (for example, an R center with the
ionization energy E. — E; = 1.2 eV) areionized at high

temperatures, but they do not contribute to [N — N3 |

measured at 300 K, because at this temperature their
recharging time is about two weeks.

In similar conditions, SIC p*—n structures maintain
their efficiency for detecting short-path ions after irra-
diation doses of up to 8 x 10* cm=2 [6].

The goa of the present study was to analyze the
radiation hardness of SiC Schottky diodes under irradi-
ation conditions corresponding to those encountered
when they are applied as detectors of relativistic parti-
cles. Data are presented concerning the change in the
detector properties of diode structures upon irradiation
with 1000 MeV protons. The dose was chosen to be
~3 x 10" cm?, which is half an order of magnitude
higher than the “critical” dose for silicon detectors.

2. EXPERIMENTAL

Schottky diodes, 600 um in diameter, were used as
detectors and were fabricated by magnetron sputtering
of Ni onto the surface of 6H-SIC epitaxial films grown
by vacuum sublimation epitaxy [2]. The film doping
profile was inhomogeneous, with the carrier concentra-
tion varying from ~5 x 10" cm at the surface to 8 x
10% cm2 at a depth of ~7 um. Such a distribution of

1063-7826/01/3504-0481$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Energy released by an apha-particle in the sensitive
region of the structure vs. reverse bias for three as-grown
samples. Sample no.: (1) 56, (2) 36, and (3) 25.
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Fig. 2. Effective width of the sensitive region of the struc-
ture vs. reverse bias. Sample no.: (1, 2) 36 and (3, 4) 56.
(2, 4) As-grown samplesand (1, 3) those after proton irradi-

ation with adose of 2.7 x 10% cm™=.

(Np — N, ) createsa“pulling field” in the space-charge
region, thus increasing the effective diffusion length of
carriers[7].

Samples were irradiated with a 1000-MeV proton
beam extracted from the synchrocyclotron at the
B.P. Konstantinov Petersburg Nuclear Physics Insti-
tute, Gatchina. A sample was placed at a distance of
5 m from the synchrocyclotron extraction window in
the accelerator hall. The beam spot size at the irradia-
tion point was 3 x6 cm? with a flux density of up to
6.25 x 10'° cm? s, The long-burst operation mode [8]
was used during irradiation to ensure a uniform expo-
sure over time. The time of exposure was 4.32 x 10% s.

IVANOV et al.

The beam was monitored by the method of activated
foils, using the reaction 2’Al(p, 3pn)?*Na, whose cross
section was assumed to be (10.5 £ 0.7) mbarn. The
activity of 2Nawas measured with agamma spectrom-
eter calibrated against a standard ®°Co source whose
intensity was known to within 3% at a 95% confidence
level.

The detectivity of SiC diode structures was directly
measured using alpha-particles with an average energy
of 5.79 MeV from a 2Cm preparation. The recorded
energies (or the nonequilibrium charge created in SiC)
were determined in relation to areverse bias applied to
the diode by amplitude analysis. The data on the struc-
ture capacitance were also used to determine the real
size of the sensitive region and the hole diffusion
length.

The parameters and concentrations of deep levels
formed under irradiation were calcul ated from data fur-
nished by deep-level transient spectroscopy (DLTS).

3. EXPERIMENTAL RESULTS

1. Figure 1 shows typical dependences of the mea-
sured energy E on the reverse bias U for three struc-
tures. The difference in E between the three samplesis
insignificant, indicating a sufficient uniformity of the
SiC properties over the film area. Data of the type pre-
sented in Fig. 1 were used for further processing, these
dependences being taken before and after irradiation
with protons.

Data processing (Fig. 1) relied on the nonequilib-
rium charge generated in SiC by an apha-particlebeing
strictly calibrated. According to the known dependence
of specific ionization losses by the alpha-particle on its
path length in SIC (Bragg curve), energy lossis strictly
related to the length of the sensitive region of the detec-
tor, W We used the Bragg curve obtained with TRIM
software [9]. The curve was approximated (with the
exception of its peak region) by a cubic polynomial in
W Correspondingly, the calculated energy Eg (W)
released along the path W; was described by a fourth-
order polynomial. The W, values were obtained by
solving numerically the equation E = E,(Wy), where E
is the measured quantity, with an accuracy of no less
than 0.025 pm.

Figure 2 presents the W(U) dependences obtained
as described above. The contact potential difference
across the p*—n-junction was taken into account by add-
ing 1.5 V to the bias voltage. At 100 V, Wy; exceeds
7 um, being equal to the sum of the space charge region
width W and the hole diffusion length L:

Wer = W+ Lp. 1)

To distinguish between the contributions from the W
and L terms to W, we measured the dependence of
the capacitance C on the bias U. However, the obtained
C valueswere not used to calculate W directly, the stray

SEMICONDUCTORS  Vol. 35

No. 4 2001



RADIATION HARDNESS

capacitance being significant for small-area structures.
To exclude this error, we used the following expression
for Wg(C)

A

Wer = Cc-pP) +Py, 2
where the constant A isrelated to the structure area, and
the parameters P, and P, correspond to stray capaci-
tance and L. Figure 3 exemplifies a fitting calculation
according to relation (2) for one of the samples before
and after proton irradiation at a dose of 2.7 x 10 cmr2,
The obtained L, values are (1.658 + 0.079) and
(1.214 + 0.098) um, respectively.

2. Table 1 presents parameters of deep centers
before and after irradiation from DLTS data. It can be
seen that only the concentration of R centers changes
significantly, and no new centers appear. Since the R
centers are presumably associated with vacancies (see,
e.g., [9]), we can estimate their rate of introduction by
the number of primarily formed vacancies, determined
from the calculations of proton deceleration using
TRIM software. Computer simulation shows that the
number ratio of vacanciesis 110 : 1 for proton energies
of 8 and 1000 MeV. This results from the decrease in
the cross section of scattering of a proton on Si and C
atoms with itsincreasing energy.

However, in the case under study the experiment
gave a concentration of R centers approximately
400 times lower. Thus, the result expected in terms of
the model of primary defects markedly differs from the
concentration of “final” defects formed during physic-
ochemical processes in SiC. This indicates that the
defect formation processes at 8 and 1000 MeV are not
identical. Apparently, thisis due to a difference of two
orders of magnitude in the energies transmitted to the
primarily displaced out Si and C atoms.

4. DISCUSSION

The data presented in Figs. 1-3 alow the effect of
irradiation on Wy and L, to be estimated. Table 2 lists
the L values and illustrates the tendencies of Wy vari-
ation for five samples. The span of W variation can be
judged from Figs. 2 and 3.

As can be seen, the hole diffusion lengths change by
no more than 30% (except in sample no. 56). The vari-
ations in Wy; are even less pronounced. It seems rea-
sonable to relate the decrease in Wy for samples
nos. 25 and 55 to decreasing L. At the same time, the
invariability of Wy for other samples (or even its
increase for sample 36) is due to compensation occur-
ring in SIC. As a result, the difference between the

charges of ionized donor (Np) and acceptor (N,)
impurities, Ny = [N, — N |, determining the range of
the electric field in the p*—n structure, decreases. Corre-
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Fig. 3. Effective width of the sensitive region of the struc-
ture vs. measured capacitance for sample 25. Points, exper-
iment; lines, approximation by relation (2). (2) As-grown
and (1) irradiated sample.

spondingly, the value of W O |Np — NA[*2 also
increases.

The hole drift length in an electric field of strength
F can be found as L = (u1),F = (Lp)(Fe/kT). Here, e
isthe electron charge, k isthe Boltzmann constant, T is
the absolute temperature, and i and T are the carrier
mobility and lifetime. Assuming that F = 10°V/cm and
Lp =1 pm, we obtain LP = 400 um for holes at room
temperature.

Table 1. Deep centers according to DLTS data

H —3
Tvpe of Concentration, cm
denter | Eo—Eu eV — "
beforeirradiation | after irradiation
EVE2 0.35-04 (1-2) x 1013 (1-2) x 1013
R 1.1-1.2 <5x10%2 5x 1013

Table 2. Diffusion length and the effect of irradiation on the
size of the sensitive region

seveno T g |
25 1.66 121 Decrease
36 1.80 124 Increasing
46 0.78 0.61 Const
55 0.92 —* Decreasing
56 1.00 0.16 Const

* Lp for sample 55 after theirradiation is not presented because of
the significant error in approximation by relation (2).



484

Thedectron drift length L = (ut),F can be evaluated

using the datafrom [6], where (ut),, =7 x 10° cm?/V was
obtained in the unipolar electron transport mode for
8 MeV protons with adose of 8 x 10'> cm=. Assuming
that R centers are responsible for the decrease in the
lifetime and introducing a correction to the (ut), value,
accounting for the number of R centers formed, we

obtain Lg < 1 cm for the conditions of the present
study.

Thus, the carrier drift lengths are quite satisfactory
for detectors with a working region several hundred
micrometers long.

5. CONCLUSION

Comparing the results of this study with the data
obtained in [5], where 8 MeV protons were used for
irradiation, we conclude that the proton energy has no
significant effect on the spectrum of centers formed
upon irradiation. R centers with energies 1.1-1.2 eV
below the bottom of the conduction band still play an
essential role. However, the rate of introduction of the
centerswas lower than that predicted on the basis of the
number of primarily introduced defects.

Direct studies of SiC detector properties have shown
that the variation of parameters responsible for carrier
transport can be classified as the initial stage of deteri-
oration.

The width of the space charge region (with a high
electric field) in the diode structure remains practically
unchanged. This means that the effective charge of ion-
ized impurities N is conserved, despite the high con-

IVANOV et al.

centration of primarily introduced vacancies (1.4 x
10% cm®). Therate of introduction of R-centersislow,
and their concentration is only 5 x 10 cmr3, Thus, the
Ny values are till determined by the initial impurity
concentration.
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Abstract—Thermal interference effects in the arrays of vertical-cavity surface-emitting lasers are considered.
Thermal resistances for various laser configurationsin the array are estimated. © 2001 MAIK “ Nauka/ I nter pe-

riodica” .

1. INTRODUCTION

There are serious difficulties in solving thermal
problems in injection lasers with vertical outcoupling
of radiation (also called vertical-cavity surface-emit-
ting lasers, VCSELs); these difficulties are primarily
related to the complexity of the heat-source distribution
in the laser bulk and to the two-dimensional pattern of
the electric-current flow. A certain amount of experi-
mental data related to thermal phenomenain the arrays
of VCSEL s have so far been accumulated [1-5].

In this context, it is important to study the issues
related to the ssmulation of VCSEL array [6-12]. When
simulating the VCSELSs, it is necessary to devise a uni-
fied physical model that accounts for both the optical
and the thermal (and electrical) properties of the sur-
face-emitting lasers in general. In fact, the latter cir-
cumstance forces one to use numerical simulations,
which make it possible to take adequately into account
the totality of the above properties and make construc-
tive decisions related to a complex structure of objects.
Inview of this, numerical simulationsinevitably lead to
the necessity of using large computational resources.
Under these conditions, it is appropriate to apply sim-
pler approaches, which make it possible first of al to
assess the thermal parameters analytically.

In this study, we use the simplest model solutions
for various configurations of operating lasers in an
array to calculate the thermal resistance that accounts
for the mutual or cross influence of the lasers on each
other. In particular, an asymmetry in the thermal prop-
erties of central, corner, and edge lasers is noted. The
results obtained were compared in detail with experi-
mental data.

2. EFFECTIVE THERMAL RESISTANCES
WITH A MUTUAL EFFECT FUNCTION

We define the thermal resistance R with amutual-

effect function of any lasers as the ratio between the
temperature increment AT; of theith laser and the ther-

mal power P, released during operation of the jth laser;
i.e.,

th ATl

We note that this definition is not rigorous, because,
inthelasing zone, itismore appropriate to deal with the
distribution of the temperature fields. However, thermal
resistances are often used in engineering calculations
because they make it possible to easily estimate the
temperature increment (and, at the same time, the tem-
perature of the active laser region) caused by the ther-
mal-power dissipation [1-5].

In the model of an array of VCSEL s under consider-
ation, there are no thermal flux losses at the top (in con-
tact with air) and lateral (in contact with passivating
polyamide) laser surfaces. This means that the heat
exchange between lasers is accomplished only via the
substrate. In the substrate itself, a distribution of the
heat flux between two mutually perpendicular direc-
tions occurs. As this takes place, afraction of heat flux
either goes to infinity (as in the case of a semi-infinite
medium) or islost at the contact with acool heatsink (a
body whose temperature is treated as constant); the lat-
ter occurswhen the substrate isin the form of an unlim-
ited layer with a finite thickness. Thus, the thermal
problem is reduced to determining the thermal-field
distribution over the semiconductor—substrate surface.

In this situation, it is convenient to use the simplest
model solutions to thermal problems. For example, for
a point heat source, the steady-state temperature of the
surface (z = 0) varies following the 1/r law; therefore,
we have

(D)

1

th, \ _
Rij(r) = 27IKr’

2
where r = |r; —rj|. It is noteworthy that the variables
{r, Z} arecylindrical coordinates.

If the heat flux isintroduced with a constant density
of q = P/MR? (a g model) into a circular region with a

1063-7826/01/3504-0485%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Effective thermal resistance for cross interference
effectsof lasersasafunction of the edge number N for lasers
inthe N x N array, where N = 2, 3, 4, and 5 (points 1 corre-
spond to the central laser; symbols 2 refer to the corner
lasers; and symbols 3 correspond to the edge lasers).
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Fig. 2. Various configurations of operating lasers (shown by
shaded circles) inthe 4 x 4 array.

radius of Rin the substrate with thickness|, we may use
the analogy to [13] to obtain

00

T(r,0) = E%J'tanh()\l)Jo()\r)Jl()\R)g%.
0

Thus, we have

R0 = B2 E. 0%, @

0

where RY = (2nkR) .

ZAKHAROV

For a distributed heat flux controlled by constant
temperature T of a circular (with aradius of R) region
(aT model), we obtain

Rth(r) _ thJ'ZtanhDI XD]oDr [ﬁlnxdx @)

Integrals (3) and (4) can be analytically calculated for
I/R> 1 since, in this case, the range of |/R where the
function tanh[ (I/R)X] differs from zero is narrow and
does not make a significant contribution to the result.
For I/R < 1, thisfunction causes the result of integration
to be undervalued. Physically, this means that effective
thermal resistances for mutual (cross) effects and for a
substrate with finite thickness | are lower than in a
semi-infinite medium (| — ). Therefore, in what fol-
lows, werestrict ourselves to aconsideration of thermal
resistances in relation to the interference effects for a
semi-infinite medium.

It is noteworthy that a solution described by expres-
sion (4) yields the value of the integral equal to 1.57 =
w2 forr =R(I > R), so that

Tyth _ 1
2 20 = 2kd’

Similarly, we may introduce the so-called effective
thermal resistance for an array of lasers as

Ri-g = where d = 2R.

1
2TKr’

Rar = 3 Rj = \WR, R = ()

I¢J

where r, is the parameter (spacing) in the laser array,
and the summation is performed over all operating
lasers.

It is worth noting that the quantity y, depends
heavily on the configuration of operating lasers and
indicatesto what extent the consideration of lasersinan
array ismore important than the thermal contribution of
the nearest neighbor laser. Thus, the quantity yy makes
it possible to take into account to what extent an indi-
vidual operating laser is affected by other lasers in an
array. As a result, the effective thermal resistance
makes it possible to assess any variation in the temper-
ature of agiven laser when al the other lasers are oper-
ating; it is assumed that the same thermal power is
released in each of the neighboring lasers.

Figure 1 shows the effective thermal resistance for
crossinterference as afunction of dimension N (N x N)
of alaser array. It follows from Fig. 1 that the lasers
located in the central region of the array are most
affected; the effect exerted on the lasers located at the
edge is less profound; and the lasers located at the cor-
ners of the arrays are less affected still. These results
can be explained by the fact that the heat flux from
neighboring | asers enhances the effective thermal resis-
tance of other lasers in an array; therefore, the lasers
located at the array center exhibit higher effective ther-
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mal resistance because they are surrounded by alarger
number of lasers.

The numerical results below refer to the 4 x 4 laser
array. Effective thermal resistancesin the case of inter-
ference effects on the laser with coordinates (3, 2) for
various configurations of operating lasersin the 4 x 4
array were calculated. Various configurations are illus-
trated in Fig. 2 (the shaded circles correspond to oper-
ating lasers). The results of calculating the thermal
resistancesfor interference effectsin various configura-
tions of operating lasersin agiven laser arelisted in the
table.

3. ESTIMATION OF THE SUBSTRATE
ELECTRICAL RESISTANCE

For the thermal models (the solutionsto which were
given above) to be valid, it is necessary that the bulk
heat sources may be ignored in the substrate region. In
other words, the resistance in the substrate region
should be much lower than the active resistance of the
laser.

In order to estimate the electrica resistance of the
substrate, we use an analogy between the electrical and
thermal parameters; thus, we find that the heat flux Q(t)
corresponds to the electric-current strength I(t), the
heat-flux density q corresponds to the electric-current
density j, thetemperature T correspondsto the potential
¢, the thermal-conductivity coefficient K corresponds
to the electrical conductivity o, and the heat capacity C,
corresponds to the capacitance C.

For the sake of simplicity, we assumethat an electric
current is fed to the substrate region with a constant
density. Using the analogy between the electrical and
thermal quantities, we may immediately conclude that
a solution for potentials in the region of z= 0 is given
by the following expression similar to that reported pre-
viously [13] with g replaced with j, and k replaced with

= 1pe:

00

Ue(r,0) = JopeR[3ANHORS.

The mean potential is expressed as

R

IUe(r)andr _
— 8]OpeR
T[R2 3" ’

0=

and the mean electrical resistanceis given by

w,a 8p 16p
Rb= == —5 = —=, (6)
e 3R 3md
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Fig. 3. Plots of the functions {; and {, characterizing the

dependence of electrical resistance of the substrate on its
thickness|.

If the substrate is a layer of finite thickness |, we
have to use the solution to the thermal problem [13]; as
aresult, we obtain

I dX 8] e
U o= zjopeRItanhD KPS IobeRy D
where

lo_ 3m,. [l dx
L= ZJ’tanhEﬁxD 10055

0
Correspondingly,

16p

eZ 7

A plot of the {;(I/R) function is shown in Fig. 3. It can
be seen that electrical resistance decreases with
decreasing substrate thickness.

In order to estimate the substrate electrical resis-
tance, we can also use another model solution for the
potential being constant in acircular regioninthez=0

Thermal resistance of the laser with coordinates (3, 2) in the
4 x 4 array as a function of the configuration of operating
lasers

The value of coefficient yy
for thermal resistance

4

2.83
6.83
3.14
1.96
1.25
2.25
2.96

The configuration type

SQ fh 0o o 0 T o
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plane (U(r) = Uy = congt, r £ R). The total current is
then given by
R

I =J’j(r)2nrdr = 2UaR 2—-———U°ed,
0

Pe Pe
and the resistance R, is expressed as

— UOe_ &
T T 2d (8)

If the substrate is a layer of a finite thickness, we
should use the following solution for the potential:

2U e ~sinh[A(l -2
11 cosh(Al)

0

The mean value of potential in theregionwith z=0and
r < Risthen given by

R

IUe(r)Zrtrdr

I
U= o——— = Uolor

TIR

Sn(AR)

UJr,2) = o) Z5 .

where
00 = 2Dy o0 g
ZZ[RD = rJtanhERxDJl(x)snxxz.
0
As aresult, the mean resistance is expressed as

_ Pe, OO
Rell= 55lerrp 9

A plot of the function {,(I/R) is also shown in Fig. 3.

We now estimate the electrical resistance under the
condition of the current flowing in the substrate region.
Using the numerical values of p, = 4.0 x 10> Q m and
d ~ 10 um for GaAs and employing formula (6), we
obtain R.[O~ 2.2 Q, which is much smaller than the
laser electrical resistance (R~ 1 kQ) controlled mainly
by the Bragg mirrors. A similar estimation based on
formula(8) yieldsR,~2 Q.

4. COMPARISON OF THE RESULTS OF
CALCULATIONS WITH EXPERIMENTAL DATA

As was mentioned above, the manifestation of ther-
mal effects in the VCSEL dynamics is related to tem-
peratureincreasein the active region and to the extreme
sensitivity of the threshold current to the active-region
temperature. Thermal effects are especially important
for lasers operating in continuous-wave mode. A tem-
perature-related shift of the lasing wavelength to lower
energies may be considered as another manifestation of
thermal phenomena.

We now compare the estimates of thermal resis-
tances with published experimental data [3-5]. Scien-

ZAKHAROV

tists of the University of California studied the interfer-
ence effects on thermal properties for the 4 x 4 laser
array with a characteristic spacing of 30 pm and a
diameter of 7 um [3]. The laser structure was grown on
an n-GaAs wafer by molecular-beam epitaxy and con-
sisted of Bragg mirrors (AlIAs-GaAs layers) and an
active region in the form of three Iny ;5Gay5,AS quan-
tum wells 80-A thick. The laserswere fabricated by ion
etching and were passivated with Si;N, layers with a
thickness of 2500 A. The laser threshold current varied
from 570 to 690 YA, and the mean value was ;0=
610 pA. The measured thermal-shift rate for the lasing
wavelength of A, = 975 nm was A /AT = 0.62 A/K.

It followed from experimental data reported previ-
ously [3] that thermal resistance of individual lasers
was controlled to alarge extent by the thermal-conduc-
tivity coefficient of the “lower” Bragg mirror in the
direction perpendicular to the layer surfaces and
amounted to 2720 K/W. Wipigjewski et al. [3] esti-
mated the mean coefficient of the material’s thermal
conductivity at k = 0.28 W cmr K1, which was much
less than the bulk values of thermal conductivity in
AlAs(0.91W cmt K1) andin GaAs (0.45W cmt K1),
The above experimental value only dightly exceedsthe
corresponding value for GaAs-AlAs superlattices [14]
and indicates that the thermal-conductivity coefficient
in the multilayer Bragg mirrors cannot be determined
from the properties of the bulk material; rather, it is
bound to be controlled by the processes of scattering of
phonons by interfaces.

In the 4 x 4 |laser array, the effective thermal resis-
tance was caculated [3] to be 4287, 4110, and
3970 K/W for the central, edge, and corner lasers,
respectively. These values are about 50% larger than
the measured value of the thermal resistance for an
individual laser. Estimation of the thermal resistance of
anindividual laser using the formula R" = 1/2kd yields
Rh= 2 x 10° K/W, which is about 30% smaller than the
experimental value.

L et us estimate the thermal resistance for the mutual
effect of two nearest neighbors on the basis of the data
shown in Fig. 3 of paper [3]. For the 2 x 2 laser array,

we obtain R} = 2720 K/W and RY; = 3.2 x 103 K/W;
thus, we have R} = 173 K/W. Based on the data

reported in [3] for the 4 x 4 laser array, we have R} =
157 K/W for acentra laser, 177 K/W for acorner |aser,
and 166 K/W for an edge laser. Thus, the mean value of

Ry is 167 K/W. Using formula (5) in the estimation,
we obtain Ry = 1.2 x 102 K/W for k = 44 W mt K-

and RI' = 1.5 x 102 K/W for k = 354 W m KL, The

consistency between the experimental and theoretical
results is reasonable if weset Kk = 35 W mt K% j.e,
under actual conditions, thermal resistance is found to
be lower than the calculated value.
SEMICONDUCTORS  Vol. 35
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Itisalso of interest to compare the estimates of ther-
mal resistances with experimental data reported previ-
ously [4, 5]. An 8 x 8 VCSEL array fabricated by an
“inverted crystal” technique was studied by Ohiso et al.
[4]. Thermal resistances [4] were found to be 1210 and
660 K/W for the laserswith diameters of 16 and 26 um,
respectively. Let us estimate the thermal resistance for
an individual laser. Since the Al,,Ga, As compound
was used as the substrate [4], we should use the value
of K =44/(1 + 12.7x — 13.22x%) W m* K-, where x =
0.1, for the thermal-conductivity coefficient. Thus, K =
20.6 W m™ K1, and we obtain 1.5 x 10° and 0.9 x
103 K/W for the thermal resistances of lasers with
diameters of 16 and 26 um, respectively. Thus, under
actual conditions, the thermal resistance is found to be
smaller than the expected one, which may be related to
array mounting according to the inverted-crystal
method.

Huffaker et al. [5] formed the 2 x 2 VCSEL array
using selective oxidation. It was assumed that the ther-
mal shift of the lasing wavelength was 0.56 A/K. The
measured thermal resistances were found to be 2550
and 2280 K/W for the lasers with characteristic dimen-
sions of 2 and 3.5 um. Estimations based on the for-
mulaR" = 1/2kd (2) yield 5.6 x 10° K/W (d = 2 um) and
3.2 x 10°K/W (d = 3.5 um).

The measured value of therma resistance with
allowance made for the mutual effect of nearest neigh-
bors was [5] 140 K/W. If we estimate this resistance
using formula (5) we obtain 3 x 10? K/W, so that the
actual thermal resistance is about two times smaller
than the expected one.

5. CONCLUSION

It follows from the above results that the thermal
resistances of laser arrays are controlled to a large
extent by structural features of both the lasers and the
array as a whole. This refers primarily to the thermal
resistances of individual lasers. Thermal resistances
with an interference function are found to be less sensi-
tive to structural features only if the lasersin an array
are separated by characteristic distances which exceed
the linear dimensions of the individual lasers. In addi-
tion, the local distribution of heat sourcesin the bulk of
an individual laser is unimportant for the consideration
and assessment of the thermal influence of lasers on
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each other. The suggested model solutions (undoubt-
edly, too inexact for anindividual laser) may, neverthe-
less, yield a satisfactory agreement with the experimen-
tal data. In general, the considered approaches to solv-
ing the thermal problems yield results that are in
qualitative agreement with the experimental data. Thus,
the analytical solutions obtained may be used to esti-
mate the thermal parameters.
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