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Abstract—The structural features of undoped CdTe ingots grown in a gasdynamic flow at 620°C were studied
by selective etching and X-ray diffractometry. It is found that the samples grown at a deposition rate of up to
500 pm/h consist of independently growing rods with both [111] A and [111] B directions. This indicates that
the vapor composition in the growth region is almost stoichiometric. Both rod types exhibited transverse stria-
tions due to rotation twins. The twin boundaries in rods with the growth direction [111] A were shown to be
also small-angle boundaries with additional misorientation of separate twins of 0.2°-0.3°. © 2003 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

The study of structural defects and their interactions
with point defects in the CdTe semiconductor com-
pound is of significant interest in relation to the produc-
tion of crystals and films with reproducible properties.
The reason for this is that the interaction of extended
(dislocations, stacking faults, twin boundaries, and
grain boundaries) and point defects is rather intricate
and gives rise to various clusters responsible for deep
electron states arising in the band gap. As a result, the
electrical and optical properties of materials can be
drastically changed. Thisis especially important in the
case of CdTe, since its single crystals grown at high
temperatures (=1000°C) contain cadmium vacancies
and tellurium inclusions over grain boundaries [1, 2].
According to the section through the P—x CdTe state
diagram, the smallest possible deviations from the sto-
ichiometry of bulk crystal under the congruent sublima-
tion condition should be observed at a growth tempera-
ture close to 620°C. This study is concerned with the
special features of structural defects in textured CdTe
samples produced by free growth in a gasdynamic flow
at thistemperature.

2. EXPERIMENTAL

Cadmium telluride ingots up to 70 mm in diameter
were grown on graphite barsat atemperature T = 620°C
from a gasdynamic vapor flow. The mass transfer rate
in dynamic vacuum was varied within 4-20 g/h. The
vapor deposition rate at the bar, taking into account the
condensation rate, was 250-750 pum/h. As the initial
charge, we used purified polycrystalline CdTe with the

smallest possible deviations from the stoichiometric
composition. Some of the optical and electrical proper-
ties of the textured p-CdTe samples grown by us are
givenin[3, 4].

Three series A—C of CdTe samples produced at
growth rates of 250, 500, and 750 pm/h, respectively,
and treated in bromine-methanol polishing etchant
were studied. The samples were cut out as parallelepi-
peds with sides of 3-8 mm along the growth direction.
The polarity of separate single-crystal grains and their
defect structure were revealed by E-Ag-1 selective
etchant [1].

Structural studieswere carried out usingaDRON-2.0
X-ray diffractometer with a reflection-mode graphite
monochromator. Each sample simultaneously contains
afew crystaline grains, whose crystallographic [111]
directions are misoriented with respect to each other up
to 15° with the random azimuth angle of twisting
around the normal to the growth surface. Therefore, a
major problem in the study of such samplesistherela
tion of an observed reflection to a particular grain. To
solve this problem, we caculated al the probable
reflections of the CdTe cubic phase, which can be
observed using Cu X-rays in the mode of reflection
from the (111) surface. When materials characterized
by a high absorption of X-rays (to which CdTe is
related) are studied in the aforementioned conditions,
only the asymmetric reflections for which the Bragg
reflection angle ©g islarger than thetilt angle ¢, of the
reflecting plane with respect to the surface under study
are observed. We calculated the angles with the [111]
direction, which were formed by the normals to all of
the praobable reflecting planes. These normals, which
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Fig. 1. Gnomonic projection of the twin with the common
axis[111] deviated by a few degrees from the aggregation
growth direction. A Boldyrev polar net is used. We show the
components of the normals only to the planes, the reflec-
tions from which can be observed in the mode of reflection
from the (111) surface when using Ky X-rays.

met the criterion ©g > ¢, Were drawn on agnomonic
projection as a Boldyrev polar net, which is used when
constructing pole figures of textured samples [5]. This
net (see Fig. 1) is represented by concentric circles
drawn with a misorientation interval of 10° from the
normal to the sample surface; the angular distance
between the nearest radia linesis 30°. Thus, a sample
should berotated by 30° about the normal to the surface
under study so that each successive radia line is
aligned horizontally and the planes, the normals to
which lie in this horizontal line of the net, are aligned
vertically. Thefilled circlesin Fig. 1 are related to the
normals of reflecting planes of a separate twin; the
larger open circles correspond to twins of rotation
around the general growth direction [111] of the same
grain. We note that this direction does not coincide with
the projection center.

Although the[111] direction of the studied grainsis
deflected by afew degrees from the normal to the sam-
ple surface, we will conditionally consider the reflec-
tions (333) or (444) as symmetric (¢, = 0°), a which
both twins of the cubic phase with a sphalerite structure
and the hexagona phase with a wurtzite structure
reflect X-raysasasingle crystal. The diffraction condi-
tions are fulfilled for only one of the separate twins for
most of the asymmetric reflections (except for the
{153} system with ¢,y = 28.56°); this factor can be
used to separate them. A DRON-2.0 diffractometer can
detect reflections only from vertical (or close to verti-
cal) planes [6]. Therefore, to measure the dihedra
angle between the (111) and asymmetric reflection
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planes, both planes should be aligned vertically. The
fact that a given reflection was related to a particular
grain was established as two criteria were simulta-
neously met: the Bragg angle coincided with the value
calculated for this reflection, and the calculated and
measured angles between the grain plane (111) and the
reflecting plane were close.

To diminish the spreading of asymmetric reflection,
an additional vertical dlit 0.1 mm wide was placed
immediately in front of the sample under study.

3. RESULTS

The treatment of all three samples in a selective
etchant showed that the crystallite cross sizes decreased
from several millimeters to fractions of amillimeter as
the deposition rate increased from 250 to 750 pm/h.
Samples A and B exhibited aconical axial texture[111]
(with amisorientation of the axis[111] of each grain by
afew degrees from the growth direction). Sample C, in
additionto grains{ 111}, contained grainswith orienta-
tions {110} and {331} along the growth direction.

Another specia feature of samples A and B,
reveal ed by selective etching, isthe fact that grainswith
orientations {111}A and {111}B coexist aong the
growth direction. The tellurium grain surface in Fig. 2
(top micrograph) appearsto be dull dueto insolubletel-
lurium oxides [7]. The equiprobable growth of grains
with both polarity directions confirms that the vapor
composition above the growth surfaceisamost stoichi-
ometric. Thisisalso indicated by the absence of reflec-
tionsin most of the twin grains (grain polarity change).
At higher temperatures of 11-V1 crystal growth, rods of
only one polarity grow preferentially, with equiproba-
ble nucleation for both polarities [8]. The average dis-
location density in a separate grain does not exceed 5 x
103 cm.

The bottom micrograph of Fig. 2 displays the stri-
ated structure (caused by twin boundaries) in each sep-
arate grain in sample B cut normal to the growth direc-
tion. The number of twin boundaries and their contrast
are significantly higher in the grains growing along the
[111]A direction in comparison with [111]B grains.
This can be caused by a minor cadmium deficiency, as
well as by a higher mobility of a dislocations in com-
parison with (3 dislocations. A similar inference about
the higher quality of epitaxy of CdTefilmsonto{111} B
CdTe substrateswas made in [9]. The rocking curves of
sample B grains, measured in a diverging X-ray beam
without an additional dlit, showed that the grains can be
classified into two groups with relative misorientations
of 0.4°-0.5° and smaller than 0.15°. A careful compar-
ison of the arrangement of separate grains in the etch
pattern with the grain rocking curves for the same area
allowed the conclusion to be made that the grains grow-
ing along the [111]A direction are characterized by a
higher concentration of defects in comparison with
[111]B grains. Since each group of grains has arandom
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azimuth angle of twisting around the normal to the
growth surface, we managed to analyze separately the
asymmetric reflections belonging to grainsgrownin the
[111]A and [111]B directions using the algorithm
described in Section 2.

The symmetric reflections (333) and (444) for both
groups of grainsfor sample B are very narrow with well
resolved K, and K, lines (Fig. 3 shows the curves for
a grain growing in the [111]A direction). The lattice
parameter cal culated from the position of the reflection
(444) pesk (20 = 110.80°) is 6.4835 A. The asymmet-
ric reflections at large sample rotation angles (©g +
0nq) are also very narrow and are always observed as
two pairs: reflections (331) and (440) are detected for a
separate single-crystal grain, whereas a pair of reflec-
tions (422) and (533) from another single-crystal grain
isinvariably observed. To pass from one pair of reflec-
tions to another in a single crystal, a sample should be
rotated through 60° about the [111] axis (see Fig. 1).
Since both pairs coexist, each studied grain is a twin
with a common [111] axis nearest to the direction of
grain growth. We emphasize that the intensities of
asymmietric reflections in sample B from two separate
twins are largely the same, taking into account the dif-
ference in structure factors for these reflections. Since
the symmetry center is always involved in the diffrac-
tion pattern (the Frieddl law) [10Q], it is impossible to
distinguish between the rotation twin (rotation through
60° about the common triad axiswith unchanged polar-
ity in the growth direction) and the reflection twin
(reflection in the (111) plane with changed polarities of
growing grains). However, the selective etching pat-
terns show mostly rotation twins. Reflection twinswere
also observed, but much less often than rotation twins,
which were probably indicative of small local varia-
tionsin the vapor composition stoichiometry.

Large-angle reflection spots (440) of one separate
twin and (533) of the other are narrow with well
resolved doublets, K,; and K,,. Hence, it may be
argued that the reflections are not appreciably spread
due to microstresses or small X-ray coherent-scattering
regions (CSR). No reflections from the hexagonal
phase were observed. The data obtained allow an esti-
mation of the lower thickness limit for each twinned
interlayer no smaller than 1000 A, since the reflections
broadenininverse proportion to the CSR size at smaller
thicknesses [15].

The rocking curve for the symmetric reflection
(444) of the grain grown aong the {111} A direction
consists of four separate peaksindexed as 14 in Fig. 4.
The rocking curves of the asymmetric reflections (440)
and (533) of two separate twins consist of two peaks. A
comparison of the angular positions of the peaks and
peak shapes in these rocking curves made it possible to
ascertain which peaks in the rocking curve of a (444)
reflection are related to one separate twin and which
two peaks, to the other. Peak 4 in reflection (440) is
approximately half as high as the peak in reflection
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Fig. 2. Patterns of selective etching perpendicular (top) and
paralel (bottom) to the growth direction.
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Fig. 3. Diffraction profiles of the symmetric reflection (444)
common for twins and asymmetric reflections (440) and
(533) of two separate twins. The left angle values on the
scale of each reflection approximately correspond to the
reflection maxima.

(444). This can be explained by different penetration
depths of X-raysin the sample. Using the mass-absorp-
tion coefficients (W/p)cy = 231 cm?/g and (W/pP)e =
282 cm?/g [11] of cadmium and tellurium for CuK,

X-rays, as well as the X-ray density of 5.85 g/cm? for
cadmium telluride, the determined linear coefficient of
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Fig. 4. Rocking curves of the symmetric reflection (444)
common for twins and asymmetric reflections (440) and
(533) of separate twins.

absorption p = 1500 cmt can be used to calculate the
total penetration depth X of thewaveinto the sasmplefor
the symmetric reflection (444) and the asymmetric
reflection (440) with a tilt angle ¢ (35.26°) to the
reflecting surface [12, 13],

Xoas = _9”(2(3444)

X = SIN(Oyp+ $)SIN(Oggo— )
M0 u[SiN(Og + §) + SiN(Bh0— )]

Since these formulas are employed for only arough
estimation of the X-ray penetration depth in the sample,
we disregarded small (3°-5°) deviations of the [111]
direction from the normal to the surface under investi-
gation.

The X-ray penetration depth for the symmetric
(444) and asymmetric (440) reflections are approxi-
mately 2.75 um and a mere 0.75 pm. Thus, a decrease
inthe height of peak 4 in therocking curve of reflection
(440) can be caused by a deeper position of the twin
interlayer in the sample and by an amost fourfold
decrease in the X-ray penetration depth for this reflec-
tion. We note that such an appreciable change in the
peak heights is not observed in the rocking curve of
reflection (533) in comparison with the same peaks for
reflection (444) due to comparable X-ray penetration
depths for these reflections (Xg33 = 2.41 um), since the
tilt angle of the reflecting plane (533) isonly 14.42°.

We measured the rocking curves of asymmetric
reflections (335) and (044) from the side of small
angles (©g — ¢y,)). In this case, an intensity decrease
was observed even for peak 3. The data obtained allow
the conclusion that interlayers 3 and 4 are located
deeper in comparison with interlayers 1 and 2. These
data allow estimation of the upper limit of the twin
interlayer thickness, which cannot exceed severa
tenths of a micrometer, so that the deepest twin inter-
layer at reflection (440) can be detected. The values
determined conform well to the thicknesses of theinter-
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layers detected by selective etching in the sample trans-
verse section.

Although the (111) interface between twins is
coherent, slight misorientations between separate twins
suggest that the twins contain grain-boundary disloca-
tions [14], which is confirmed by etch pits detected in
the emergence traces of a twin boundary at the trans-
verse cut of the sample.

A supersaturation decrease during the preparation of
sample A does not radically change the pattern of the
sample structure: several groups of grains are also
observed (but in asmaller number). Each grain consists
of twinned interlayers, whose boundaries are perpen-
dicular to the [111] axis closest to the growth direction.
However, the misorientation of the norma to the
growth surface with respect to the [111] direction,
which is common for two twins, can be aslarge as 15°,
while the estimated interlayer thickness can be as large
as severa micrometers. This follows from the increase
in the distance between twin striations in the etch pat-
tern of the transverse cut, the increase in the ratio of
intensities of reflections from twins with an angle of
reflecting plane asymmetry (i.e., as the X-ray penetra-
tion depth decreases), and the total disappearance of the
peaks of one of the twins at reflection (440).

An increase in supersaturation above a certain limit
gives rise to grains with orientations close to [110]
and [331] along the normal to the growth surface
(sample C). In this case, grains with the [111] orienta-
tion also exist. Such achange in the growth direction at
high levels of supersaturation can be caused either by
twinning over three other equivalent { 111} planesor by
the replacement of the layer growth mechanism by the
normal (fibrous) mechanism [15]. Crystallites become
so small and their total number becomes so great that it
becomes impossible to attribute asymmetric reflections
to any grain. The presence of twins during the layer
growth of crystals can facilitate nucleation of new lay-
ersin the twin reentrant angle [15]. However, the twin
boundaries terminating inside grains more likely count
in favor of a deformational mechanism of grain forma:
tion.

4. CONCLUSIONS

Cadmium telluride samples grown in a gasdynamic
flow at 620° at deposition rates of up to 500 um/h were
found to consist of rods with the [11100directions of
both polarities close to the growth direction. This indi-
catesthat the vapor composition above growing crystal -
litesis close to stoichiometric. Both grain types consist
of rotation twins aternating perpendicularly to the
growth axis, aswell as, to a much lesser extent, reflec-
tiontwins. The grainswith the [111] A orientation along
the growth direction are characterized by small-angle
boundaries with a misorientation of several tenths of a
degree at twin boundaries.
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Abstract—Atomic-force microscopy is applied to study the characteristic features of the relief forming on
a germanium surface at the initial stages of multiple laser-induced deformation. Both elastic and inelastic
strains can be induced in a semiconductor surface layer irradiated by scanning laser pulses. It is shown that
the elastic deformation of the Ge surface does not affect itsinitial nanorelief, whereas inelastic deformation
initiates a low-threshold formation of ordered nanostructures on the surface. Correlation between this phe-
nomenon and the laser-induced generation of point defects near the inelastic-strain threshold is considered.

© 2003 MAIK “ Nauka/lInterperiodica” .

INTRODUCTION

One of the most interesting phenomena induced by
pulsed laser irradiation of solids is the appearance of
strain and the related displacement of the surface layers
[1, 2]. In conditions of multiplelocal irradiation of met-
als and semiconductors, nondestructive (elastic) shear
strain ¢ = dU,/dr (where r is the coordinate along the
laser beam radius) corresponds to effective normal sur-
face displacements U, on the order of subnanometers|3,
4]. Irradiation in the nanosecond mode (T < 1-100 ns)
has been studied in detail because of acoustic [5, 6] and
other fast processesthat take place, for example, during
the laser annealing of defects[7, 8].

Slower quasi-static (“photothermal”, [9]) strain
appears under single-mode irradiations, with the typi-
cal size of the light spot on the surface w= 10-100 um
and the exposure time 1 > 0.1-1.0 ps [10, 11]. Such
guasi-static strain (if it is elastic or quasi-elastic) holds
promise for the contactless local monitoring of thermal
[12] and optical [13] parameters of surface layers and
for studying the kinetics of the first-order phase transi-
tion in thin semiconductor films[14, 15], aswell asfor
revealing and 3D analysis of special modesin thekinet-
ics of local nondestructive surface displacement [10,
11]. Usually, atypica relaxation time of the discussed
strain t ranges from 1 to 100 ps|[3, 4].

During the development of pulsed photoinduced
quasi-static strain in semiconductors (and metals), dif-
ferent channels of defect formation may be activated.
Three main factors have traditionally been considered
as those governing laser-induced defect formation in
semiconductors: heating, energy transfer from photo-
excited carriers to defects, and strain of the surface

layer itself [16—19]. According to the electron-strain-
thermal (ESH) theory of defect formation [16, 19], the
processes of point defect formation prevail until the pho-
toinduced hesting is of below-threshold type (i.e., does
not result in the short-term melting of the surface layers
[7,8]).

It was shown in previous studies [3, 20-22] that, in
the conditions of multiple local irradiation of semicon-
ductors, the elastic form of strain gives way to the
inelastic one even at low shear strains, 10° < (W) <
10, where W, < 0.1 [Jcm?] is the threshold energy
density of submicrosecond laser pulses. It was also
shown that, at least at the initial stages of inelastic
deformation (with a moderate number of pulses N <
10°), the amplitude of temperature inhomogenities over
the surface reaches only a few tens of degrees. Under
these conditions, the multiple deformation of semicon-
ductor local regions (within a size of =2w) may give
riseto the so-called size effects [ 3, 20, 21] and enhance
the influence of strain on the generation (and redistribu-
tion) of point defects [22-24].

The slow €electron states (of fluctuation origin) in a
thin insulating GeO, film [23] and the vacancies that
are driven from the interface into the bulk [24] may be
considered among the defects that are sensitive to the
threshold ¢4(W,) in germanium. Note that the previ-
ously described [23, 24] contribution from the genera-
tion and accumulation of defectsto changesintherelief
on an actual Ge surface subjected to cyclic inelastic
deformation has not yet been detected in experiments.

For the direct investigation of the initial stages of
inelastic strain in germanium and the detection of cor-
responding residual displacements AU, on a nanometer
scale, we used atomic-force microscopy (AFM) to
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study the nanorelief produced on a germanium surface
subjected to scanning pulsed laser irradiation (N < 10%)
in the vicinity of previously determined [3, 22-24]
deformation thresholds ¢ o(W).

EXPERIMENTAL

Similar to [23, 24], the (111) surfaces of high-resis-
tivity (p = 25-30 Q cm) n-Ge:Sb single crystal s etched
in H,O, were scanned by laser pulses in air at room
temperature. A normal-incidence laser beam with A =
0.53 pum was used for the scanning method, which is
similar to that described in [22—24]: the repetition rate
was f = 10* s1; atypical pulse duration was T = 0.4—
0.5 ys; the single-mode laser beam produced a Gauss-
ian spot with a size of 2w = 70 pm on the surface; the
velocity and the step of scanning were v = 1-5 mm/s
and & = 5-10 pum, respectively.

Our method of overlapping the laser spots on the
surface allowed us to obtain a spread no greater than
5-7% in the maximal incident-energy density W
within each scanned area of =3 x 5 mm?. Note that
W[mJcm?] = E/m?, where E is the measured total
energy of the pulse [22-24]. The single-mode character
of the laser beam should be emphasized: the depen-
dence of the intensity of light on the radia coordinate r
andtimet (asin[10, 11, 20]) can be closdly approximated
by the formulal(r, t) = Wexp(—r%w?) (t1?)exp(-t/1).

We considered the energy densities Win the range
from 0 to 150 mJ/cm?, which includes the previously
determined inelastic-strain thresholds in germanium
[3, 23, 24] W, = 65-70 mJcm? and is essentially
below the W,, values predicted for the melting thresh-
olds upon long-term (submicrosecond) irradiation:
W, = (1.2-1.5) Jem? [7, 8].

Profiles of the surface nanorelief were measured and
the topology of the surface was studied on a submicron
scale with the use of a Nanoscope-11la-type atomic-
force microscope (AFM) (Digita Instruments), which
operated in air in the contact mode. Leverswith arigid-
ity of =0.01-0.2 N/m provided anondestructive modefor
studying the relief on the Ge surface. Images of the sur-
face regions after exposure to the scanning laser pulses
were processed using specidized “FemtoScan-001"
software [25].

RESULTS

Figure 1 shows the results of the AFM study of the
actual germanium surface (1) before and after laser irradi-
ationwithW=(2) 50, (3) 85, (4) 110, and (5) 150 mJcm?.
According to our measurements, the average difference
in height in the relief of theinitia (unirradiated) surface
isno larger than dU, < 2-5 nm (Fig. 1, 1). In some areas,
we observe scratches as deep as 10 nm, which appar-
ently are traces from the mechanical grinding and
remained after the chemical etching of the surface.
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The situation is nearly the samein the region irradi-
ated with W =50 mJcm? (Fig. 1, 2): the amplitudes of
the random nanorelief dU, remain as before and neither
laser-induced residual strain nor additional displace-
ment of the surface is revealed. This circumstance cor-
relates with the data obtained previoudly [3, 23, 24] for
the elastic mode of laser-induced deformation of Ge
surface layersat W< W, = 65-70 mJ/cm?. It is notewor-
thy that previous studies [23, 24] revealed an enhanced
formation of point defects at the inelastic-strain thresh-
olds ¢o(Wp).

At the initiad stages (N < 10%) of inelastic laser-
induced strain (W= 85 mJcm? = 1.2W), it was only in
separated uncoordinated surface spots (Fig. 1, 3) witha
diameter of several micrometers and a total area
accounting for 5-10% of the scanned surface area that
we observed the appearance of a threshold (with
respect to W) for formation of nonoriented clusters
(Fig. 2, 1) and for self-organization of laser-induced
point defects [22-24] into two-dimensional (2D)
arrays of surface nanorelief (Fig. 2, 2) with the ampli-
tude of irreversible normal surface displacements
oU, = 1020 nm (Fig. 2, 3). The size of nonoriented
clusters was on the order of =100 nm, and the spacings
in the emerging 2D array a = 550-600 nm (perpendic-
ular to the direction of scanning) and b = 350400 nm
(adlong the crystallographic directions of [100] type
(Fig. 2)). Note that these values are considerably
smaller than the laser spot size =2w and the scanning
pitch o (see above).

The presence of regionswith aweak plastic strainin
Fig. 1, 3 and the clearly defined horizontal sections (so-
called “plateaus’) in Fig. 2, 3 alows us to set a refer-
ence point along the z direction (normal to the surface)
with an accuracy of =0U,/2; in other words, we deter-
mined the zero level of the initial surface. As a result,
regular elevations of nanorelief appearing in 2D submi-
cron arrays are attributed to the transfer of materia
from well-developed circumferential “nanotrenches’
around each of the “nanohills’.

The stable formation of ordered (periodic) struc-
tures over the entire area of the irradiated surface is
observed at an energy density W = 110 mJcm? =1.5—
1.6W,. When W is much higher than W,, separate hills
mergeinto paralel ridges (Fig. 1, 4); i. e., the 2D arrays
give way to one-dimensional structures with a period
=a and a height difference AU, = 20-40 nm.

Irradiation of the germanium surface with W =
150 mJ/cm? = 2.2-2.5W, results in an essentially more
complicated pattern of microplastic strain. For exam-
ple, simultaneously with the growth of the amplitudes
of irreversible displacements AU, to 30-60 nm in the
submicrometer arrays, we observed an additional gen-
eration of structures with alarge (several micrometers)
gpatia period (Fig. 1, 5). With afurther increasein W,
the evolution of multiple inelastic laser-induced strains
in the germanium surface layer had mainly a destruc-
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Fig. 2. AFM images at the initia stages of the formation of (1) nonoriented clusters and (2) 2D gratings; (3) vertical profiles of
irreversible displacements AU, at the germanium surface subjected to inelastic deformation near the thresholds W, = 1.2-1.5W,.

The size of images 1 and 2 is 2300 x 2300 nm2.

tive character and fell outside the scope of this AFM
study.

DISCUSSION

In what follows, we provide an interpretation of the
most important results and present a number of esti-
mates. Let us recall that the modes of multipulse local
irradiation of semiconductors and metals have tradi-
tionally been divided (see, e. g., [3, 20-24] and refer-
ences therein) into destructive (W > W,) and nonde-
structive (W < W,). The upper damage threshold W, is
usually defined by the onset of the formation of
extended (on the order of micrometers) damaged sites,
which are visible under a microscope, or by a pro-
nounced drop in the mirror reflectivity of the scanning
beam from the surface[3, 10, 26-29]. Thesefinal stages
of degradation with the appearance of microcracks can
be detected with the use of acoustic waves, among other
methods [30, 31].

A detailed study of the changesinduced at theinitial
stages of irradiation was performed by Vintsents et al.
[20-24]. The corresponding lower thresholds W,
below which no damage is produced on the solid sur-
face even after exposure to a large number of focused
laser pulses N = 10-10° [3, 4, 10-15], were deter-
mined. For the case N < 103, highly sensitive techniques
were used: quasi-equilibrium field effect [23], molecu-
lar luminescence probes [24], photothermal deforma-
tion of the surface [20-24], as well as Raman (and dif-

Fig. 1. AFM images and nanorelief profiles of the actual
germanium surface irradiated with multiple (N < 10%) laser
pulses of submicrosecond duration for different energy den-

sitiesW: (1) unlrradlated sample, W=(2) 50, (3) 85, (2) 110,

and (5) 150 mJcm?. The size of imagesis 8 x 8 um?. Plots
to the right show the displacement of surface AU, along the
vertical section of sample.
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fuse) scattering of light [22, 24] are examples. As a
result, it was established that the thresholds W, corre-
sponding to the buildup of inelastic strain in Ge surface
layers and changes related to the size effect [3, 20]
should appear under the surface even at the earliest
stages of irradiation [21]. With afurther increase in W
above W, a threshold growth of the concentration of
defects was detected both in the thin GeO, oxide film
[23] and in the deeper layersin the bulk of the material
[24]. Similar low-threshold phenomena were aso
observed in Si and GaAs samples [22].

Thus, one might expect that the laser irradiation of
solids at W, < W< W in the inelastic mode of multiple
local strain is mostly destructive. However, this state-
ment appears to be true only for large N [3, 22]. The
results of AFM studies (Figs. 1, 2) indicate the exact
opposite situation at N < 10% at the initial stage of
inelastic deformation, laser-induced point defects [22—
24] are self-organized into periodic nanostructures on
the germanium surface. In this case, the discussed
energy interval may be considered as the range of con-
trolled inelastic effects where, along with W, the gov-
erning parameters can also be N, w, T, and A.

Periodic surface structures appearing as a result of
the irradiation of solids have already been observed.
The most thoroughly studied case is the formation of a
surface periodic relief due to the instability that devel-
opsasaresult of interference between incident and dif-
fracted (surface) electromagnetic waves. The spatial
orientation of such interference gratings (1G) should
depend on the polarization and the angl e of incidence of
radiation, while their period strictly correlates with the
wavelength and is proportional to A [32—34].

In this study, the orientation of the observed gratings
is defined mainly by the crystallographic symmetry
(Fig. 2, 2) or by thedirection of scanning (Fig. 1, 5). At
normal incidence of the beam, the resulting structures
had different periods (a and b), which were not closely
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related to A, w, or o (see above). The formation of grat-
ings has a pronounced low-threshold character and
takes place only within the energy rangeW= W, = (1.2—
LWy < Wy < W,

In this context, we believe that, at the initial stages
(at N < 10°) of inelastic (W > W) light-induced strain,
i. e, far from the damage thresholds W, [22, 26—-29] and
the calculated melting thresholds W, [7, 8], the defect-
diffusion microplasticity mechanism [36] (unrelated to
dislocations [35]) is realized on the solid germanium
surface. It is only in the inelastic mode of deformation
that critical concentrations of defects can be attained
due to the successive (from pulse to pulse) accumula-
tion of laser-induced point defects [37] and the appre-
ciable enhancement of this process at the strain thresh-
olds ¢o(Wp) [22—24]. According to the theory devel-
oped in [38], anincrease in the concentration of defects
above certain critical values initiates the transition of a
system of laser-induced point defects to a spatially
inhomogeneous state with a lower energy due to the
formation of so-called defect-deformation (DD) sur-
face structures [38, 39].

According to the present theoretical view [38], gen-
eration of DD structures stems from the devel opment of
the so-called generation-diffusion-deformation insta-
bility (GDDI). Thisinstability can be related to defect—
deformation interaction [40, 41] at which the genera-
tion or annihilation of defects implies a change in the
volume (and the energy) of acrystal and an initia fluc-
tuation of strain gives rise to deformation-induced
defect fluxes and/or leads to modulation of their gener-
ation rate [38]. As aresult, the inhomogeneous field of
the defect concentration ny(r, t) producesforcesthat are
proportional to the concentration gradientsand increase
the strain in amaterial. These forces enlarge the initial
fluctuation up to the formation of autolocalized defect
clusters (Fig. 2). At the early stages of self-organization
(Fig. 2, 1; Fig. 2, 2), an angular selection of gratings
[42, 43] occurs and the AFM-detected changes in the
height of the nanorelief (Fig. 2, 3) can beinterpreted in
terms of the theory of 2D gratings [38] as clusters of
excess atoms in interstices (or as vacancy clusters).

Thus, the initial stages of inelastic deformation in
germanium are characterized by generation of both
vacancies[24] and interstitial defects, which then orga-
nize into small-scale (submicrometer) convex—concave
DD structures. Therate of generation of these and some
other [23] point defects under the submicrosecond irra-
diation of semiconductors is still low compared to
nanosecond irradiation [7, 8]. We believe that these
conditions provide for the realization of a special case
of GDDI, i. e, a diffuson-deformation instability
(DDI) [38]. The submicrometer (or micrometer) period
d of such diffusion—deformation gratings is propor-
tional to the thickness h of the defect-enriched surface
region rather than to A [38]. This circumstance indi-
cates that the arising inhomogeneitiesin the concentra-
tion of defects areindeed fairly small-scale, d = h [38],
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and are mainly due to deformation-induced defect
fluxes, while spatial variationsin the rate of defect gen-
eration or some other mechanisms (for example, the
development of microcracks) [44] play only a second-
ary role in the conditions under consideration.

As was mentioned above, the combined effect of
radiation-induced heating, transfer of the electron exci-
tation energy to defects, and deformation of the surface
layers causes the efficient formation of point defects
under the uniform irradiation of the surface[16, 19]. In
the conditions of local multipleirradiation, the effect of
strain may become enhanced and, thus, give rise to
“size” effects at the thresholds when W, values are pro-
portional to w [3, 20, 21]. In our opinion, this situation
enables the low-threshold self-organization of defects
into DD gratings at temperatures which are consider-
ably lower than the melting point.

Indeed, the calculated laser-induced heating of a
surface at the thresholds W, is till only moderate:
AT < 100°C [3, 21, 22]; therefore, the thermal
(quenching) mechanism [45] seemsto be of minor sig-
nificance for the pul se-to-pul se accumul ation of vacan-
cies (and other defects) at small N. However, in the con-
ditions of appreciably greater N and W> W, additional
heat release is possible due to the action of external
forces (associated with the temperature gradients aris-
ing from thermal extension [10, 21]) during the accu-
mulation of irreversible displacements of atoms [36].

At small N and W = W, our estimate of d from the
length h of the low-temperature diffusion of defects
produced near the surface into the bulk of the material
(Ge, Si) in terms of the deformation-induced “vacancy
pump” [36] is in good agreement with the predictions
of theory [38].

When the alternating-sign contact loading of semi-
conductors is characterized by an asymmetric cycle
(i. e, the extension strain exceeds the compression
strain in every cycle), the role of vacancy sources is
known to dominate over that of sinks[36]. In this case,
the kinetics of escape of vacanciesto the bulk sinksdur-
ing compression lags behind the process of their escape
from the surface during extension. A “hill” usually
forms on semiconductor (or metal) surfaces subjected
toloca pulsedirradiation [3, 4, 10-13, 20, 21, 23];i. e,
quasi-static deformation in the surface layers of solids
ismainly realized in the form of extension, and tensile
(and shear) stresses are dominant. According to the
vacancy-pump model [36], the thickness of the defect-
enriched layer h (and the diffusion length) should be
defined by the total time Nt,,, of the stressed state of a
semiconductor.

In the case of germanium, the half-time of relax-
ation of the photoinduced stresses 14, = 10-15 us
starting from the leading edge of each pulse (for every
beam size 2w, thetime 14, isdifferent [10, 11]) can be
estimated from the experiments with the kinetics of
local quasi-static photoinduced strain [46] or from the
instantaneous profiles of the surface displacements
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[47]. Asdetermined in [36], the largest values of h,, =
2(D/Nt,,)¥2 = 420 nm, where D, = 4.3 x 108 cm?/sis
the diffuson coefficient of vacancies in germanium
extrapolated to room temperature (D, = 10%exp(-0.2/KT)
[48]) and N ~ 10% isthe maximal number of photodefor-
mation pulses used during the scanning irradiation.

Close correlation between the estimates h = 420 nm
and the grating periods obtained in experiment, d =
350-550 nm (a.and b sectionsin Fig. 2, 2), may be con-
sidered as further verification of the defect—deforma
tion mechanism [38] for the formation of residual
nanometer displacements AU, at the initial stages of
inglastic photoinduced deformation in germanium. A
significant role in this process is apparently played by
the point-defect generation (discovered previously [23,
24] at the deformation thresholds ¢ ,(W,)) in the surface
layer and at the Ge-GeO, interfaces. The maximal
amplitudes dU, = 30-60 nminFig. 1, 5arealso in good
agreement with the estimate AU, = ¢, = /10 = 40 nm
obtained for the stationary state of gratings, i. e., after
the compl etion of angle selection and the monochroma-
tization of their spectrum [38].

In conclusion, we should note the 2D character of
the structures generated near the thresholds of the grat-
ing formation W, = 1.2-1.5W, (Fig. 2, 2) and their non-
uniform distribution over the surface; in our opinion,
the separate“ spots’ of generation may beinterpreted as
sites with an enhanced concentration of biographical
defects in germanium (Fig. 1, 3). In such regions,
which, at first, are undistinguishable, the critical con-
centrations of point defects should be most readily
attained under irradiation. Thisfinding may be of usein
revealing and outlining defect regions. At a consider-
able excess over the thresholds W, the inelastic photo-
induced strain features a more uniform distribution
over the surface; however, its identification becomes a
challenge because of the additional generation of other
structures with a larger period (Fig. 1, 5). The possible
influence of the direction of scanning on the merging of
hills into ridges on the surface (Fig. 1, 4) presents a
topic for further investigation. In this context, we are
pinning much hope on the future AFM study of semi-
conductors under local (w= 10-100 pm) inelastic (W>
W,) laser-induced deformation for a different number
of pulses N when the position of a beam on the surface
isfixed.

CONCLUSIONS

For thefirst time, we studied experimentally the for-
mation of residual displacements AU, on an actual ger-
manium surface at the initial stages of inelastic quasi-
static deformation induced in micrometer-sized (w <
10-100 um) surface regions. It is shown that, at afixed
number of pulses, N < 10%, in the nondestructive (elas-
tic) photodeformation range (i. e., at W < W), no effec-
tive accumulation of defects occurs and the surface
relief remains random. At the very beginning of micro-
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plastic changes, at W, < W < 1.2-1.5W,, an intense [23,
24] concealed (i. e., subsurface, latent) accumulation of
point defects with a quasi-uniform distribution of their
concentration over the surface prevailsover themain part
of the scanned area. As the microplastic strain increases
(a W=W, = (1.2-1.5W,)) we observe the low-threshold
self-organization of light-induced defects [23, 24] into
deformation—defect “ convex—concave” nanostructures,
which can be adequately explained in terms of existing
theory [38]. The discovered mechanism for the forma-
tion of regular residual displacements of nanometer-
size AU, directly points to the defect—diffusion (unre-
lated to didlocations [35]) character of microplasticity
in the germanium surface layers [36] irradiated by mul-
tiple laser pulsesin the temperature range near the brit-
tle point.
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Abstract—The effect of illumination on the isothermal relaxation of slow photoinduced metastable defects
(metastable electrically active impurity atoms) in boron-doped a-Si:H films has been studied. It was established
that, under illumination, the kinetics of relaxation of these metastable defectsis governed not only by their ther-
mal annealing and photogeneration, but also by the process of photoinduced annealing. © 2003 MAIK

“ Nauka/Interperiodica” .

Recently, photoinduced annealing of metastable
dangling silicon bonds (MDB) in undoped a-Si:H films
have been studied extensively. This process was first
predicted theoretically. It was suggested in [1] that the
kinetic equation must also include, in addition to the
photoinduced formation of metastable defects and their
thermal annealing, two symmetric processes. thermal
formation and photoinduced annealing. Later, the
occurrence of photoinduced annealing of MDB in
undoped a-Si:H films, manifested in an increase in the
rate of their annealing during the initial period of their
relaxation, was demonstrated experimentally [2-4]. It
was also established that the rate of MDB annealing at
agiven concentration N of these defectsis proportional
to the carrier generation rate G raised to apower y coin-
ciding with the exponent in the current-light character-
istic. Inthe authors' opinion, this may indicate that pho-
toinduced annealing of MDB is proportional to the con-
centration of free carriersand involves capture of ahole
by a metastable center [4].

It isknown that two kinds of metastable defects, fast
and slow, are formed in doped a-Si:H films under illu-
mination. MDB are fast defects, and metastabl e el ectri-
cally active impurity atoms (MEAI) or complexes of
these are slow [5, 6]. We are not aware of any observa-
tions of photoinduced annealing of MEAI. Therefore,
we analyzed the effect of illumination on the isothermal
relaxation of photoinduced MEAI in boron-doped
a-Si:H films in order to study the process of photoin-
duced annealing.

With the concentration of MDB and MEAI chang-
ing asaresult of their formation or relaxation, the posi-
tion of the Fermi level in the energy gap changes and,
consequently, so does the dark conductivity of the
material. Provided that the density of statesis constant
within the range through which the Fermi level moves

in the energy gap of a-Si:H, the variation of the dark
conductivity with time reflects the manner in which the
concentration of metastable states, N(t), varies with
time[7]:

[In(ag(t)/age)| = IAF()|/KT = N(t)/pokT.

Here, o4, isthe equilibrium dark conductivity, |AF(t)]is
the magnitude of the Fermi level shift relative to the
equilibrium position, and p, is the density of statesin
the range across which the Fermi level moves.

For study, we chose a-Si:H filmslightly doped with
boron. The total concentration of boron in the films,
determined by SIMS, was (3-4) x 10* cm=, and the
Fermi level position was found to be 0.79 eV above the
valence band top. In this case, the Fermi level lies
within a rather wide dip in the density of states, in
which p(E) can be considered virtually constant and
equal to p,. In addition, the p, value in the materia
lightly doped with boron is small, compared with p, for
amore heavily doped material [8]. This makesit possi-
bleto vary the dark conductivity more widely when the
same concentration N of metastable states is generated
and, consequently, to determine the N(t) dependence
with a higher precision.

Figure 1 shows how the dark conductivity of the stud-
ied a-Si:H films (doped with boron to 3 x 10" cm3) var-
ies with time after its preliminary illumination at T =
410 K for 10 min. It can be seen that the quantity
In(o4(t)/o4y) varies nonmonotonically, which is due to
relaxation of the photoinduced MDB and MEAI, whose
energy levels lie, respectively, higher and lower than
the Fermi level. Curve 3 fits the experimental points
rather well. This curve can be regarded as the sum of
two stretched exponentials with different N(0O), T,, and
B (curves 1 and 2). The exponentials, representing fast
relaxation of MDB and slow relaxation of MEAI, are
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Fig. 1. Variation with time of the dark conductivity of an
a-Si:H film with boron concentration Ng = 3 x 101" cm™
after its preliminary exposure to white light with an inten-

sity of 90 mwW cm2at T=410K for 10 min (experimental
points). Curve 3 is described by a sum of two stretched
exponentials (curves 1 and 2) corresponding to isothermal
relaxation in the dark of photoinduced ensembles MDB |
and MEAI |. Parameters of stretched exponentias: (curve 1):
N1(0) = -0.3, 19; = 51, and B, = 0.66; (curve 2): N,(0) =
0.49, 1o, = 4800, and 3, = 0.85.

responsible for the increase in dark conductivity at
short t and decrease in dark conductivity at long t:

In(ay(t)/0g0)
= N;(0) eXp[—(t/Tm)Bl] + N,(0) eXp[—(t/Toz)Bz]-

Theindices 1 and 2 refer to, respectively, relaxation of
MDB and MEAI. The parameters of the stretched expo-
nentials are listed in the caption to Fig. 1.

Thefact that the isothermal relaxation of metastable
defects of the given type is described by a stretched,
rather than simple, exponent means that we are dealing
with aset of defectswith different relaxation timesT. In
this case, the parameters of a stretched exponential
have the following meaning: N(O) is the total initial
concentration of metastable defects with a relaxation
time distribution having a maximum at 1 = 1, and a
half-width characterized by the reciprocal of the
parameter 3. Thus, the parameters N(0), 1, and B
define an ensemble of metastable defects at the initial
instant of annealing.

Correspondingly, with the aim of studying the pho-
toinduced annealing, we determined the parameters

Table
MEAI N(0),
ensembles rel. units To, S B
| 0.49 4800 0.85
I 0.29 5700 0.95
11 0.25 5200 1

KUROVA et al.

log(a,(8)/T4)

0.3
0.2
0.1

0

0.1 Lt
1

il L nnl L1l L
10 100 100 10000
1, s

Fig. 2. Variation with time of the dark conductivity of the
samea-Si:H(B) film after itspreliminary illuminationat T =
410 K for 10 min, followed by partial isothermal relaxation
for 40 min in the dark (experimental points on curve 4) or
under wesak illumination (experimental points on curve 3).
Curves4, 1, and 2 represent stretched exponential s describ-
ing the isothermal relaxation in the dark of, respectively,
ensembles MEAI 11, MDB I11, and MEALI 11, with the fol-
lowing parameters: (curve 1): N1(0) =-0.06, 1gq = 240, and
31 = 0.68; (curve 2): Ny(0) = 0.25, 1g, = 5200, and B3, = 1;
(curve 4): N»(0) = 0.29, 1, = 5700, and 3, = 0.95.

N(0), 1y, and B for the isothermal relaxation of three
ensembles of MEAI and compared the results obtained.
Ensemble | was obtained by exposing an annealed
a-Si:H film to light with an intensity of 90 mW cm
at T = 410 K for 10 min. Ensembles Il and Il were
obtained from the isothermal relaxation of ensemble |
for the same time (40 min) in the dark and under weak
illumination (8 MW cm2), respectively.

The variation in the dark conductivity of afilm with
time, associated with the relaxation of MEAI in ensem-
ble I, is shown by curve 2 in Fig. 1. The parameters
characterizing this ensemble at the initia instant of
annealing arelisted in the table. Figure 2 shows how the
dark conductivity of a film varies with time as a result
of relaxation of ensemble Il (curve 4). It can be seen
that the relaxation of ensemble Il is described by asin-
gle stretched exponent, corresponding to the relaxation
of MEAI. Thus, virtually al MDB of ensemble | are
annealed out, and ensemble MDB 11 is lacking. The
parameters characterizing ensemble |1 are listed in the
table. Comparison between the parameters for ensem-
bles MEAI | and MEAI 1l shows that isothermal
annealing of ensemble MEAI | in the dark leads to a
decrease in the total concentration of MEAI in ensem-
ble | (decrease in N(0)), a narrowing of the ensemble
half-width (increase in ), and arise in the effective
relaxation time T, This last fact is associated with the
immediate annealing-out of MEAI with short timesT.

The manner in which the dark conductivity varies
viathe isothermal relaxation in the dark of metastable
defects belonging to ensemble 111 produced by isother-
mal annealing of ensemble | under illumination is rep-
resented by curve 3in Fig. 2. It can be seen that illumi-
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nation in the course of annealing of ensemble | leads to
formation of ensemble MDB 111, together with ensem-
ble MEALI 11, and, consequently, to a nonmonotonic
variation of the dark conductivity. Curve 3, whichisthe
sum of two stretched exponentials (curves 1 and 2), fits
the experimental points well. The parameters of the
stretched exponential characterizing ensemble MEALI 111
arelisted in the table.

A comparison between the parameters for ensem-
bles MEAI Il and Ill shows that illumination in the
course of isothermal annealing makes the total concen-
tration of MEAI lower (decrease in N(0)). This indi-
cates that the photoinduced annealing of MEAI occurs,
especially if account istaken of the additional photoin-
duced formation of MEAI under illumination. It can
also be seen from the table that the parameter T, for
ensemblelll issmaller than that for ensemble |1, which
indicates that photoinduced annealing is manifested in
a decrease in the concentration of MEAI with long
relaxation times 1. This may be due to the much lower
rate of formation of MEAI with long relaxation times T
under illumination compared with the rate at which
MEAI with short relaxation times T are created, which
is in accordance with the model of MEAI formation
based on athree-level configuration diagram [9].

The relaxation of MEAI in the a-Si:H films under
study is due to a structural rearrangement that consists
of the transformation of a tetracoordinated electrically
activeimpurity atom—an acceptor impurity of boronin
the given case—into an electrically inactive complex
composed of atricoordinated boron atom and a hydro-
gen bonded to a silicon atom. Elucidating the mecha-
nism by which the rate of this structural transformation
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increases under illumination requires further experi-
mental and theoretical study.
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Abstract—Results of investigating the static and dynamic conductivity of an InSe single crystal in the temper-
aturerange from 4.2 to 300 K are reported. The measurements were performed for atemperature-variation rate
of 0.2-0.8 K/min and for currents through a sample of up to 10 pA. Under such conditions, new states can be
formed as a result of phase transitions and the dimensionality of the gas of carriers changes. Charge-density
waves arising in this case do not penetrate the crystal under the action of an electric field. A substantial differ-
ence was observed between the properties of InSe single crystal in the static and dynamic modes. © 2003 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

Indium monoselenide InSe is a prominent example
of 11I-VI semiconductors. It has a layered structure in
which each layer perpendicular to the c axis of the crys-
tal contains a group of atomic planes, Se-In-In-Se,
characterized by strong covalent bonds. In contrast, the
neighboring layers are bonded by weaker Van der
Waals forces, which are the cause of the characteristic
mechanical properties of these crystals, specifically,
their high cleavability in the layer plane. The formation
energy for crystal-lattice defects in InSe is such that
there exists the possibility of generating a significant
concentration of electrons, for example, by means of
self-intercalation with indium. This fact distinguishes
InSe from other 111-VI semiconductors in which
defects compensating introduced electrically active
impurities are generated.

The physical properties of InSe have been ade-
quately investigated in a number of studies[1-9]. Asa
result of these investigations, the following reliable
proofs were obtained for the two-dimensiona (2D)
localization of electron gas at low temperatures[1, 3]:

(i) the existence of regionsin the dependence of the
magnetoresistance (MR) on the magnetic-field strength
where the MR is proportional to InH in the magnetic
field with an H || c that corresponds to concepts of the
theory [10];

(i) the possibility of observing quantum oscillations
up to certain maximum angles of inclination for the
magnetic-field vector with respect to the ¢ axis,

(iii) the independence of the frequency of Shubni-
kov—de Haas oscillations on the magnetic-field compo-

nent perpendicular to the plane of layers and the cylin-
drical shape of the Fermi surface [11];

(iv) a high coefficient of anisotropy of conductivity
attaining a value of K = 10°-105;

(v) adecreasein K for the temperature region (9-18 K)
of the transition from 2D conductivity to three-dimen-
sional (3D) conductivity;

(vi) theinfluence of superconducting lead precipitates
on the 2D-to-3D-conductivity transitionat T < T, [12];

(vii) the appearance of N-shaped portionsin the cur-
rent—voltage (I-V) characteristics, which is typica of
2D structures having superlattice properties;

(viii) the suppression of the N-shaped portions of the
|-V characteristics for the case when InSe is interca-
lated withlead at T < T

(ix) the MR-sign change from negative to positive
when the sampleisilluminated [3]; and

(x) the observation of the Mott semiconductor—
metal transition when applying aquasihydrostatic pres-
sure, due to an increase in the wave-function overlap
for neighboring electrons [13].

Thus, the reversible transition from 2D to 3D con-
ductivity can be attained by increasing temperature,
intercalating with a superconductor (which is able to
form precipitates), illuminating (with a photon energy
exceeding a 2D-localized-state depth beneath the 3D
percolation level), and by a pressure shifting of the 2D
localized state into the conduction continuum.

The 2D nature of the electron gasin InSe is associ-
ated with two circumstances:

(i) the anisotropy of the chemical bond in the crystal
lattice with a period scale;
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(ii) the presence of planar extended defects, which
are potential barriers for electrons, with a distance
between them of ~1 um [14] or ~500 |attice spacings.

The latter fact causes a drop in the crystal conduc-
tivity when the electron path along the ¢ axis becomes
comparable with the interbarrier spacing. Planar
defects may also explain the high conduction-anisot-
ropy coefficient.

However, in our opinion, the natural anisotropy of
the chemical bond can independently and consistently
explain all the special features of the properties of InSe.

In study [4], and then in [5], we advanced a hypoth-
esis that explains a number of anomal ous properties of
indium selenide:

() an unusua temperature dependence of conduc-
tivity;

(1) special features of temperature dependences for
the thermopower;

(111) the appearance of a narrow gap when the tem-
perature decreases and the dependence of this gap on
the current through the sample;

(IV) a change in the sign of the linear-expansion
coefficient from positive to negative with decreasing
temperature; and

(V) achangein the sign of the derivative in the tem-
perature dependence of the nuclear-quadrupole-reso-
nance frequency.

This hypothesis consists in realizing the Peierls
structural phase transition with the formation of charge-
density waves in an InSe layered crystal at a tempera-
ture below 80-100 K.

The formation of charge-density waves (CDW) asa
result of the Peierls structural phase transition (PSPT)
and their influence on the properties of layered dichal-
cogenides of transition metals with metallic conduction
and aso on the anisotropic semimetal oxide Mo,O,;
were investigated previously [15-18].

In contrast to metal-like dichal cogenides, the obser-
vation of effects associated with the formation of
CDWsat the PSPT isdifficult in InSe due to alow con-
centration of free carriers. Nevertheless, the aforemen-
tioned InSe anomalies investigated by us and observed
in other studiesindicatethat the PSPT ispossiblein this
crystal.

A modification of the spectra of electrons and
phonons in InSe at the PSPT must certainly affect the
spatial distribution and the energy spectrum of impuri-
ties and defectsin the crystal. Since the indicated mod-
ification isrealized in atime necessary for the diffusion
processes to take place, the appearance of hysteresis
phenomena should be expected when the temperature
slowly decreases or increases under PSPT conditions.
The presence of van der Waals gaps, to which theimpu-
rities and defects shift under certain conditions, can be
the cause of the formation of new modifications in the
periodic structures based on InSe layered crystal. This,
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in turn, can lead to new multiple phase transitions (PT)
with new critical temperatures.

In addition, possible inhomogeneities of the crystal
at the microlevel can explain why individual parts of
the crystal experience PT at various temperatures; as a
result, we can have multiple PTs.

The phenomenon of suppressing the CDW mode,
which we previously observed when the el ectric current
increased through the crystal and was accompanied by
collapse of the gap that arose at the PSPT, must also
affect the manifestation of CDW under various condi-
tions.

The rigorous proof for the realization of PSPT can
be obtained by means of structural analysis. This anal-
ysisisvery difficult because the displacement of atomic
positions from equilibrium is small, and a long-dura-
tion exposure is necessary for keeping the sample at a
fixed low temperature.

Taking into account all of the reasons mentioned, we
set ourselves the task of investigating the static and
high-frequency conductivity of indium monoselenide
in the temperature range of 4.2-300 K. For revealing
the features of conductivity associated with the forma-
tion of CDWs, we performed measurements at a tem-
perature-variation rate of 0.2— 0.8 K/min and with cur-
rents through the sample up to 10 YA. Such conditions
were chosen in order to ensure that the phase arising as
aresult of the PT can be completely formed and that the
CDW does not penetrate into the crystal under the
action of an electric field.

2. EXPERIMENTAL

For investigations, we chose y-polytype samples,
whose unit cell contained a single InSe layer [1]. The
crystal structure was assessed by measuring the X-ray
diffraction and Raman spectra. The dc static conductiv-
ity was measured using the conventiona four-point
probe method. For preparing nonrectifying contacts,
various methods were used: the deposition of current-
conducting pastes with various compositions and the
soldering of indium in a newly cleaved surface. The
results of the measurements of o, and o; were indepen-
dent of the method for preparing the contact. The
dynamic conductivities o;(v) and a(v) were measured
in the range of v = 1-500 MHz using an HP 4191A
impedance analyzer. A high-frequency cable was used
to provide a connection to the sample in the cryostat.
The electrical length of the cable was instrumentally
compensated using the facilities incorporated into the
analyzer and by software processing of data, which
allowed usto take into account more accurately the spu-
rious contribution from the cable. For investigating the
conductivity g;(v) in the frequency range v = 100 GHz,
the quasi-optical procedure [6] was used. The current
flowed through the sample in the cleavage plane.
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Fig. 1. Resistivity p as a function of a current through the
InSe single-crystal sample at T = 4.2 K. The dots show the
spread in the magnitude of p for afixed current through the
sample.
3. RESULTS
3.1. Satic Mode
3.1.1. Low temperature-variation rates

The investigation of resistivity as a function of cur-
rent through the sample (Fig. 1) showsthat it decreases
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Fig. 2. Cyclic variation in the resistivity p as a function of
temperature (1) during cooling and (2) during heating the
InSe sample for afixed current | = 10 pA.
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by six times when the current increases from 0.6 to
4 uA; afurther increase in current up to 10 pA leadsto
a decrease in resistivity only by a factor of 1.3. This
dependence tends to level off.

The maintenance of afixed current through the sam-
ple leads to a substantial reduction in the resistivity.
Such an instability in p (16%) is most pronounced for
the lowest current. For 10 pA, the variation of p
amounts to ~10%.

On cooling and heating the samplein the range from
910 130K at arate of ~(0.2-0.8) K/min and for a cur-
rent | = 10 pA through the sample, we found jumps of
p (Fig. 2) in the region of 150 K during cooling and at
200 K during heating. The p(T) dependence forms a
hysteresis loop with a maximum span of ~50% (or by
more than 600 Q cm).

The temperature dependence of electrical conduc-
tivity for alower current | = 1 pA is much more com-
plicated. In Fig. 3, we show the p(T) dependence for a
low heating rate after the preliminary cooling of the
sample. The jumplike variations of the resistance can
beseenat 15, 20, 45, 70, and 150K (thelast feature was
observed also for a current of 10 pyA). An especially
large variation in p is 3000 Q cm at 45 K.

3.1.2. High temperature-variation rates

We consider temperature dependences for the real
part of conductivity o’. The conductivity o}, acrosslay-

P, Qcm
i
11 InSe, /=1 pA
3~ heating
10*F -
TN .
103:_ ﬁ
- | 2
< P Ny
102 *ﬂ
- on,
Il Il Il Il [ | Il ]
10 100 T,K

Fig. 3. Resigtivity p asafunction of temperaturefor the cur-

rent | =1 pA during low-rate heating after preliminary cool-

ing of the sample.
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ers decreases with temperature in the region of 150 K <
T<300K. Intherangeof 50K < T < 150 K, atendency

towards leveling off o (T) is observed, while, for T <
50 K, adrop in o}, increases again with decreasing T.
A further reduction in temperature is accompanied by
aleveling off of the dependence o, (T) at the level of
(6-7) x 107 (Q cm)™ at T < 10-20 K. It should be
noted that the temperature dependence of o for the
frequency v = 100 MHz is qualitatively similar; how-
ever, the steepness of variation in o turns out to be

much less as compared with the case of v = 0 (Fig. 4,
curvesl, 1.

The temperature dependence of conductivity o

along layers is more complicated. Similarly to oy, oy,

(v = 0) increases with temperaturefor T > 150 K. In the
region of T = 150 K, a minimum is observed in the

0,(T) curve at v = 0. A temperature decrease in the

range of 50 K = T < 150K leadsto an increase in oy,

by afactor of 4, while the conductivity again abruptly
decreases with temperature for T< 50K, and, a T =
4.2 K, it turns out to be approximately 30 times lower

as compared with o), at T =50 K. It isof interest that
fluctuations are observed in the dependence o (T) in

theregion of 50K < T < 150K at thelevel of Aoy /o) =
10-20%.

3.2. Dynamic Mode

The results of measurements of temperature
dependences for the real part of conductivity o' for
various frequencies and orientations of an electric
field are summarized in Fig. 4. It was found that the
conductivity both across and along layers substan-
tially depends on the frequency, with o' increasing
with the frequency up tov = 100 GHz in both cases. It
can be seen that the conductivity increases 30—100 times

for oy and o intherange of 0 <v <100 MHz, while
the strongest variation in conductivity is observed at
helium temperatures: o (100 MHz)/o (0) = 180 and

0},(100 MH2)/0},(0) = 250.

Special features of the o, (T) dependences are
substantially less pronounced for v = 0 than in the case
of v=100MHz, and, at T =< 50 K, the rate of decrease
of o (T) turns out to be substantially lower for v =
100 MHz than in the case of v = 0 (Fig. 4). However,
the temperature range of 50 K < T < 150 K turns out
to be anomalous (Fig. 5) also for the dynamic conduc-
tivity. In this temperature range, a pronounced temper-

ature hysteresisis observed both for thereal part o}, and
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for theimaginary part g, of the conductivity, whilethe
reproducibility of datafor oy, (T) and o) (T) isattained
onlya T=50Kand T = 250K (Fig. 5).

In the frequency region of v = 120 GHz, the conduc-
tivity along layers measured by the quasi-optical
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method is highest intheregion of 50 K = T < 150 K
and levelsoff at T < 50 K (Fig. 4). It should be noted
that the value of o(T) for v = 120 GHz increases when
thetemperature decreases (Fig. 4) for T = 150K, in con-
trast to the measurements at frequencies v = 100 MHz
andv =0.

4. DISCUSSION

TheInSe conductivity we considered in the previous
section depends very unusually on frequency and tem-
perature. First of al, it should be noted that there is a
pronounced frequency dispersion of conductivity even
at helium temperatures at which the electron gasin InSe
is two-dimensional and degenerate. However, for a

degenerate electron gas at v = < 100 GHz, o, must,
first, depend weakly on frequency and, second,
decrease with frequency instead of increasing as fol-
lows from the datain Fig. 4. Such behavior of ¢’'(v) in
degenerate systems is conventionally associated either
with strong Fermi liquid effects or with generation of
charge-density waves[19].

In order to clarify the possible nature of the disper-
sion of o and a5, we consider the frequency depen-

dences of thereal and imaginary parts of the conductiv-
ity at T=300 and 4.2 K for v <500 MHz (Fig. 6). In
the case of conductivity across layers (Figs. 6a, 6¢),

0p(v) and o (v) increase almost linearly with the fre-
guency, whereas the frequency dependences of the
conductivity along InSe layers for o} (v) and o} (v)
(Figs. 6b, 6d) are nonlinear andtend to level off at 300 K.

LASHKAREYV et al.

The simplest explanation can be given for the con-
ductivity o across layers because the conductivity is
controlled in this case by planar defects and by poten-
tial barriers related to them. It iswell known [20] that
these barriers can give rise to frequency dispersion of
the conductivity beginning at low frequencies, whichis
apparently observed experimentally (Figs. 4, 6). If the
space-charge relaxation time depends only slightly on
temperature, the temperature dependence of high-fre-
guency conductivity can be weaker than the thermally
activated tunneling at the direct current (Fig. 4).

The presence of spatial inhomogeneities may be one
of the possible causes of strong dispersion of the con-
ductivity o, along layers. Such an assumption makes it
possible to explain the similar shape of the curves

o,(v) a T =300 and 4.2 K (Fig. 6b) in anatural way.

At the same time, the form of the dependences o (v)

turns out to be different for these cases (Fig. 6d), which
indicatesthat it is necessary to takeinto account the fre-
guency dependence of the relaxation time t(v, T) aris-
ing due to interaction effects. It should be stressed that
the necessity of taking into account the relaxation-time
dispersion and the scattering anomalies related with it
follows also from an analysis of the datafor o’(v, T) at

T = 150K (Fig. 4), according to which da, /0T > 0 for
v = 100 MHz and 00, /0T < O for v = 100 GHz.

The behavior of a(v, T) is most complex in the
range of 50 K < T =< 150 K, where a 3D-to-2D-con-
ductivity transition occurs. The fluctuations observed
for v = 0 and also the hysteresis for v = 100 MHz
(Fig. 5) in the case of conductivity along layers can be
explained by the presence of structural defectsin InSe
crystals under investigation; these defects act as traps
for charge carriers. The relaxation processes (including
long-duration ones) induced by the capture of electrons
and by emptying these localized states are likely the
cause of the anomalous behavior of the conductivity in
the region of a 2D-to-3D-conductivity transition.

5. CONCLUSIONS

The obtained experimental data show conclusively
that there is a substantial difference between the prop-
erties of InSe layered crystal in the static and dynamic
modes.

In the static mode, we managed to prove that multi-
ple phase transitions can occur in InSe layered crystal.
Their characteristics (the critical temperatures and their
large number, the presence of a hysteresis loop and its
span, and the presence of unstable conductivity), as can
be expected, depend on experimental conditions (the
temperature-variation rate and current through the sam-
ple). The hysteresis |oop indicates that afirst-order PT,
possibly associated with atransition between the states
of commensurable and incommensurable charge-den-
2003
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sity waves, is realized. The effects discovered require
further careful investigation.

If there is a superstructure (higher orders of period-
icity) associated with interlayers of polytypes, the alter-
nation of intercalated van der Waals gaps, or with other
causes, the commensurability or incommensurability of
CDWs must be considered relative to the periods of
identity for a different dimension. Therefore, in this
case, multiple phase transitions from the commensura-
ble phase to the incommensurable one should be
expected.

The multiple instabilities of the conductivitiesfor the
quasi-2D organic conductor (BEDT-TTF);Cl,-2H,0 in
the range of 4.2-300 K and also the hysteresis phenom-
ena and bistabilities associated with the formation of
CDWs were observed previously [21-23]. Thus, the
phenomena described by us for InSe, instead of being
unique, are characteristic of conducting materials with
reduced dimensionality of the electron gas.

The experimental data obtained in this study show
that the pronounced dispersion of high-frequency con-
ductivity of InSeis also caused by structural imperfec-
tions of various nature. The fluctuations and the hyster-
esis in the temperature dependences of static and
dynamic conductivity at comparatively low frequencies
likely arise as aresult of the interaction of charge carri-
ers with structural inhomogeneities in the directions
across and along layers and al so with the superstructure
caused by the formation of CDWs.

An important role is likely played by the maodifica-
tion of the spatial distribution and energy spectrum of
impurities and defects in the crystal; this modification
isrelated to the formation of charge-density waves.
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Abstract—The origin of a broad U band in spectra obtained using deep-level transient spectroscopy (DLTS)
of n-GaAs irradiated with fast neutrons and 65-MeV protons was investigated. It is believed that this band is
presumably a superposition of two peaks related to two defects P2 and P3 which have been well documented
in GaAs and reside within defect clusters. The DLTS spectra were calculated taking into account the nonuni-
form distribution of these defectsin a sample and the built-in electric fieldsinduced by corresponding inhomo-

geneities. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It iswell known that a broad peak (referred to asthe
U band in previous publications) is observed in the
spectra of deep-level transient spectroscopy (DLTS) of
n-GaAs irradiated with ions or fast neutrons; this band
manifestsitself in the temperature range of 250-350 K,
which is characteristic for the appearance of E4 and E5
peaks in the spectra of samplesirradiated with gamma-
ray photons or 1- to 2-MeV electrons. The U peak is
presumably related to the presence of aggregates (clus-
ters) of point defectsin irradiated GaAs samples[1]. It
has been attempted to relate this peak to the As;, anti-
site defect, which has an irradiation origin and is similar
to agrown-in EL2 center with alevel at E,— (0.75-0.82)
eV in the GaAs band gap. In fact, measurements of
electron spin resonance indicate that this defect is effi-
ciently generated in GaAs exposed to radiation [2]; at
the same time, the intensity of the DLTS band corre-
sponding to the EL2 center does not increase. There-
fore, it has been assumed that the A, radiation defect
produced during the ion or neutron irradiation of GaAs
is formed within a dense defect cluster. In addition, an
unknown defect X with a shallower level isformed in
thevicinity of the Asg, defect. In this case, the emission
of an electron from the Asg, level to the conduction
band occursviathelevel of the X defect, which suppos-
edly results in a shift of the corresponding DLTS peak
to a lower temperature region of the spectrum [3].
Indeed, isochronous annealing of irradiated GaA s sam-
ples brought about a shift of the U peak to higher tem-
peratures and a dight increase in the intensity of the
EL2 peak, compared to its preirradiation value in the
DLTS spectra, which was related to annihilation of the
X defect. However, the above assumption was not cor-
roborated by subsequent special investigations of this

problem [4]. It was also noted that adecreasein thefill-
ing-pulse amplitude U, (with the bias voltage U, main-
tained unchanged) in n-GaAs samples irradiated with
neutrons shifts the U peak to the higher temperature
region of the spectrum. This phenomenon was related
to the anomalously profound effect of the strength of an
applied external electric field on the rate of emission of
electrons from the traps that were involved in the for-
mation of the U band [5]. Therefore, we suggest esti-
mating the “true” position of the U peak by extrapolat-
ing the strength of the external electric field to zero.

2. RESULTS AND DISCUSSION

In this study, we assume that the U band isrelated to
well-known point defects which are characteristic of
GaAsirradiated with 1-2-MeV electrons or gamma-ray
photons but are located within a defect cluster in the
case of irradiation with ions or fast neutrons. It can then
be expected that special features of the band under con-
sideration are caused by the fact that electron emission
from the above defects occursin the region of anonuni-
form electric field formed at the interface between a
cluster and crystalline matrix. Indeed, since the Fermi
level inirradiated GaAs is pinned at the limiting (sta-
tionary) position near F;;,,= E, + 0.6 €V [6], the contact
potential difference ¢, = (E; — Fim — Fo)/q appears
between the cluster and the crystal matrix; this potential
difference gives rise to a space-charge region (SCR) at
the interface between the defect cluster and the crystal.
Here, Eﬂsthe semiconductor band gap; F,isthe Fermi
level, whose position is specified by the doping of ini-
tial material; and g is the elementary charge.

In order to gain insight into the factors that control
the shape and the temperature position of the U band,

1063-7826/03/3702-0140$24.00 © 2003 MAIK “Nauka/ Interperiodica’



THE U PEAK IN THE DLTS SPECTRA OF n-GaAs IRRADIATED

we studied the influence of the duration t, and ampli-
tude U, of the filling pulse on the shape of the U peak
in n-GaAs irradiated with pulsed-reactor neutrons
(~1 MeV) and cyclotron protons (65 MeV). We sub-
jected irradiated samples to isochronous annealing
under conditions where a reverse-hias voltage was or
was not applied to the structures. We then cal cul ated the
DLTS spectra of the samples under consideration tak-
ing into account the nonuniform distribution of radia-
tion defects and the presence of built-in electric fields
caused by these inhomogeneities.

We measured the DLTS spectra using Au-Ti—n-
GaAsn*-GaAsn*-GaAs gtructures, where n = (3-6) x
10 ecm 3, n* = 2 x 10 cm3, and n™* = 2 x 10 cm 3.
The n-type region under investigation contained EL2
and EL3 growth defects, whose concentrations were
equal to about (5-8) x 10'3 cm™ and <2 x 10%? cm3,
respectively. The DLTS spectra of irradiated structures
included the well-known peaks E2 (E. — 0.16 €V) and
E3 (E.—0.38 eV), and also a broad peak located in the
temperature range of 250-350 K and referred to as the
U band (Figs. 1a, 1b).

It follows from Figs. 1laand 1b that, as the duration
of the filling pulse decreases from 20 ps (curves 1, 1Y)
to 2 ps (curves 2, 2') with U, = 6 V kept constant, the
peak of the U band shifts to higher temperatures; this
shift ismainly caused by adistortion of the band shape
due to a decrease in the DLTS-signal amplitude at the
low-temperature wing of the U band. Thiscircumstance
indicates that the traps which form the low-temperature
wing of the U band have a smaller capture cross section
compared to the traps responsible for the high-temper-
ature wing of this band. In addition, a decrease in the
amplitude of thefilling pulse U, from6to 2V (for t, =
2 W) brings about a further shift of the peak of the band
under consideration to higher temperatures dueto sim-
ilar distortion of its shape (curves 3, 3). Presumably,
this effect is caused by the fact that a decrease in the
amplitude U, of the filling pulse results in an increase
intheratio A/(W; —W,). Here, W, and W, are the widths
of the depletion layer when the filling pulseisor is not
applied to the structure, respectively; and A is the dis-
tance between the depletion-layer boundary and the
point of intersection of the Fermi level for electrons
with thelevel of adeep trap. The aforementioned effect
brings about an increase in the contribution of slowly
filled traps to the total number of traps in the region
under investigation [7]. As a result, the contribution of
traps with asmaller capture cross section (the low-tem-
perature wing of the U band) to the DLTS signa
decreases; consequently, the shape of the U band
changes.

In order to clarify the cause of shift of the U-band
pesk to lower temperatures as the amplitude U,
decreased, we measured the DLTS spectrum at U, =2V
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DLTS signal, 10~ pF

1 %1
6F 2 x1
3 x5.33

N,;=4.4x10% cm™
| |

1
400
T,K

0 1 1 1
150 200 250 300 350

Fig. 1. The DLTS spectraof n-GaAs irradiated with (a) fast
neutrons at a dose of 6.3 x 10'3 cm2 and (b) 65-MeV pro-
tons at a dose of 1.3 x 10'3 cm™. The measurements were
performed at (1, 1) U, = U, =6V and t, = 20 ps (the con-
ditions of almost complete filling of the U-band traps);
(2,2) Up=U,=6V andt, = 2 ps(the conditions of incom-
pletefilling of thetraps); (3, 3) Up =6V, Uy =2V, and t, =
2 ps (the conditions with an even lower degree of filling);
and (4, 4) Up =6V, Up =2V, and t,= (4) 300 and (4)) 100 us
(the conditions of almost completefilling of the traps). The
time window t;/t, = 2 x 10°3/102 ¢/s.

with the filling-pulse duration increased to t, = 300 ps
(curve 4) and 100 ps (curve 4). Anincrease in t, leads
to an almost compl ete recovery of both the temperature
position of the U-band peak and the corresponding
band shape. Hence, it follows that the main cause of the
U-peak shift as the amplitude U, decreases (at t, =
const) istheincompletefilling of thetrapsthat form the
low-temperature wing of the U band during the timet,
when the filling pulse is in effect. This circumstance
indicatesthat, contrary to previous assumptions[5], the
rate of emission of electronsfrom thetraps, which form
the U band, is virtually independent of the strength of
the applied external electric field. Therefore, we may
assume that electrons are emitted from the U-band lev-
elsin high built-in nonuniform electric fieldsformed in
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Fig. 2. Spectraof the U band in n-GaAs (1 after |rrad|at|on
with 65-MeV protons at a dose of 6.3 x 108 ecm, (2) after
subsequent isochronous annealing for 5 min with (a) u=0v
and (b) U = 15V at annealing temperatures of (2) 250,
(3) 275, (4) 325 (5% 375 and (6) 500°C. The time window
tl/tz 2x10 /10_

thevicinity of theinterface between adefect cluster and
the semiconductor matrix. In this case, the rate of
electron emission from the traps located in the SCR
changes radically owing presumably to the Pool—
Frenkel effect, which can result in an appreciable
broadening of the DLTS peak to the low-temperature

region [8].

Experiments show that, in the samples irradiated
with neutrons, the U peak becomes partially resolved
into two peaks as a result of subsequent annealing [5,
9]; a the same time, in proton-irradiated n-GaAs, such
aresolution is attained without annealing if the mode of
incompletefilling of thetrapsisused (Fig. 1b, curves?2,
3). This circumstance suggests that the U band is
formed by two types of defects, which have possibly
already been identified in irradiated n-GaAs. Notably,
the shape of these peaks and their temperature position
are appreciably distorted asaresult of the fact that elec-
tron emission from these traps to the conduction band
occurs in the region of built-in nonuniform electric
fields generated by defect clusters.

A decrease in the defect density in a cluster as a
result of partial isochronous annealing leads to a
decrease in the value of ¢, and, consequently, to a
decrease in the strength of the built-in electric field.
Therefore, as the temperature of isochronous annealing
increases and approaches that corresponding to the

BRUDNYI, PESHEV

cluster decomposition, the shape and the temperature
position of each of the peaks, which presumably form
the U band, tend towards “true” values that are charac-
teristic of isolated defects. We can identify these peaks
by analyzing them at the highest attainable annealing
temperatures and by determining the parameters of the
defects that are responsible for the U pesk.

In Figs. 2a and 2b, we show the DLTS spectra in
the region of the U band for the samples irradiated
with 65-MeV protons and then annealed isochronously
without applying a reverse-bias voltage (Fig. 2a) and
with a reverse voltage with a magnitude of U = 15V
applied to the structure (Fig. 2b). In the upper part of
Figs. 2aand 2b, we indicate the positions of the DLTS
peaks for the well-known E4, E5, P2, and P3 centersin
n-GaAs irradiated with 1-MeV electrons [10]. It fol-
lows from Fig. 2 that, as the annealing temperature
increases, the U peak changes its shape, shiftsto higher
temperatures, and becomes partially resolved into two
subpeaks, whose relative contribution to the U-band
formation depends heavily on the annealing conditions.
This circumstance makes it possible to resolve these
peaks and estimate their parameters by varying the iso-
chronous-annealing conditions. An analysis of these
subpeaks, designated henceforth as P2' and P3' and
obtained after annealing the irradiated samples at tem-
peratures of 500°C at U = 0 (the P2’ peak) and 325°C at
U =15V (the P3 peak), madeit possibleto estimate the
corresponding parameters at E,,, = 0.48 eV and 0, =
2.2 x 10715 cm?? for the P2' peak and E,,, = 0.68 eV and
Opa = 1.4 x 10725 cm? for the P3' peak. As the annealing
temperature increases, these estimates approach the
parameters of the well-known centers P2 (E, — 0.5 eV
and 1.4 x 1075 cm?) and P3 (E. - 0.72 eV and 1.4 x
1072 cm?), which were observed in n-GaAs irradiated
with gammarray photons and 1-MeV electrons[10].

We used the previously obtained expression for the
DLTS spectra of samples which contain radiation-
defect clusters [8] to describe analyticaly the U-band
shape as a combination of two well-known peaks P2
and P3; i.e.,

2N W

Wo)

R(T) = Irexp( —r’/20)

(D)
x [exp(=a(r)t,) - eXp(—G(f)tz)] dr.

Here, t; and t, are the sampling times for the capaci-
tance relaxation, which define the rate window; T isthe
temperature of the sample; C is the capacitance of the
Schottky barrier in the absence of afilling pulse; Nt is
the macroscopic concentration of the trapsthat contrib-
ute to the U band; a is the rate of electron emission
from the trapsto the conduction band; r isthe radius of
the spherical surface of a cluster at which the Fermi
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DLTS signal, 10~ pF
8r I

0 J
150 200 250 300 350 400 450
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Fig. 3. Experimental (circles 1 and diamonds 2) and calcu-
lated (the solid lines 1', 2') DLTS spectra of n-GaAs (Ny =
5.7 x 10™® cm™3) irradiated with fast neutrons at a dose of
6.3 x 1013 cm for thetimewindowst,/t, = 2 x 10°%/1072 §/s
and (2, 2') 4 x 10722 x 1074 ¢/s, with the variance parameter
being equal to 0 = 250 A.

level F intersects the deep trap level; and o is the vari-
ance of the normal distribution of the P2 and P3 centers
inthe SCR of acluster. The quantitiesW,, W;, and C are
related by well-known formulas to the free-carrier con-
centration N in the semiconductor matrix, the voltage
U applied to the diode, and the contact potential differ-
ence across the Schottky barrier. When estimating
parameters of a cluster, we used the characteristics
reported by Coates and Mitchell [11]. We assumed that
defects in the SCR were distributed according to the
normal law with a variance o, whose value was esti-
mated using regression analysis of experimental DLTS
spectrawith allowance made for the well-known “elec-
trical” sizes of acluster in the percolation model [11].

The spectrum cal culated according to expression (1)
(see solid line 1' in Fig. 3) isin satisfactory agreement
with the shape of the experimental U band (filled circles
in Fig. 3) for n-GaAs irradiated with fast neutrons.
According to expression (1), the peaks are bound to
shift to higher temperatures as the rate window
increases; notably, this shift is bound to be accompa-
nied with changes in the shape and height of the peaks.
The experimental (2) and calculated (2') spectra shown
in Fig. 3 were obtained using the time window t,/t, =
4 x 107°/2 x 10 g/s; as can be seen, the results of cal-
culations satisfactorily agree with experimental data,
which indicates that expression (1) is correct. The
results of calculations (Fig. 4) are also consistent with
experimental evidence that an increase in the U-band
half-width is mainly due to an increase in the contribu-
tion of the low-temperature wing of this band to the

SEMICONDUCTORS  Val. 37

No. 2 2003

143
DLTS signal, 107 pF
1.8

1.6

1.2

0 1
150 200 250 300 350 400 450
T,K

Fig. 4. Caculated DLTS spectra for_n-GaAs which had
dopant concentrations equal to (1) 10%°, (2) 5.5 x 10'°, and
(3) 10Y cm~3 and wasirradiated with fast neutrons at adose
of 6.3 x 10'3 cm™. The time window t;/t, = 4 x 107 §/2 x
10 s; the variance parameter 6 = 2501,3\.

spectrum as the dopant concentration in the material
becomes higher [12].

3. CONCLUSIONS

It iswell known that the peaks related to the E4 and
E5 traps are dominant in the temperature range of 250—
350 K in the DLTS spectra of n-GaAs samples irradi-
ated at room temperature with 1- to 2-MeV electrons or
gammarray photons and obscure the peaks related to
the P2 and P3 traps. The peaks corresponding to the P2
and P3 traps appear in the spectra only after annealing
of irradiated samples at about 200°C or as a result of
high-temperature irradiation, in which case the E4 and
E5 defects disappear [10]. It is noteworthy that the con-
tribution of the P traps to the spectrum amounts to less
than 5% of the total amount of observed radiation
defects; however, this contribution increases to 10% if
the crystal is irradiated with 5-MeV protons [13].
Therefore, we may expect that the contribution of
P-type defects to total defect formation is larger in
GaAs samples irradiated with high-energy (65-MeV)
protons or fast neutrons. The E4 and E5 defects are
annealed out after heat treatment of such samples at a
temperature near 200°C; as a result, the shape and
intensity of the U band change somewhat (Fig. 2). In
addition, according to the data shownin Fig. 2, the con-
tribution of the P-type defects to formation of the U
band amounts to about 70%. Presumably, P-type traps
are more complex defects than E traps; the latter are
typically related to defects in the As sublattice [10].
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Possibly, P traps are compl exes of several point defects,
since these traps are annealed out at high temperatures
(in the range of 450-600°C) [10, 13]. In n-GaAs sam-
plesirradiated with ions or fast neutrons, these defects
are mainly formed in corresponding clusters. In GaAs
the Fermi level in such clustersis pinned at the limiting
(steady-state) position at about E, + 0.6 €V, which
causes the space-charge region to be formed at the
interface between the defect cluster and the crystal.
Notably, emission of electrons from P-type trapsto the
conduction band occursin nonuniform electric fieldsin
these regions; this circumstance makes it possible to
use the Pool—Frenkel effect to describe the shape of the
observed U band and its transformation caused by
changes in the conditions of both the DLTS measure-
ments and i sochronous annealing of irradiated samples.

REFERENCES

1. G. M. Martin, A. Mitonneau, and A. Mircea, Electron.
Lett. 13, 191 (1977).

2. A. Goltzene, B. Meyer, and C. Schwab, Appl. Phys. Lett.
54, 907 (1989).

3. S. Makram-Ebeid and P. Boher, Mater. Sci. 10/12, 1075
(1986).

BRUDNYI, PESHEV

4. V. N. Brudnyi, N. G. Kolin, V. A. Novikov, et al.,
Fiz. Tekh. Poluprovodn. (St. Petersburg) 31, 811 (1997)
[Semiconductors 31, 686 (1997)].

5. R. Magno, M. Spencer, J. G. Giessner, and E. R. Weber,
in Abstracts of 13th International Conference on Defects
in Semiconductors (Coronado, Cal., 1984), p. 981.

6. V.N. Brudnyi, S. N. Grinyaev, and V. E. Stepanov, Phys-
icaB (Amsterdam) 212, 429 (1995).

7. D. Stievenard, J. C. Bourgoin, and M. J. Lannoo, J. Appl.
Phys. 55, 1447 (1984).

8. V. A.Novikov and V. V. Peshev, Fiz. Tekh. Poluprovodn.
(St. Petersburg) 32, 411 (1998) [ Semiconductors 32, 366
(1998)].

9. V. N. Brudnyi, N. G. Kolin, and A. |. Potapov, Fiz. Tekh.
Poluprovodn. (St. Petersburg) 27, 260 (1993) [ Semicon-
ductors 27, 145 (1993)].

10. D. Ponsand J. C. Bourgoin, J. Phys. C: Solid State Phys.
18, 3839 (1985).

11. R. Coates and E. W. J. Mitchell, Adv. Phys. 24, 593
(1975).

12. C.E.Barnes, T. E. Zipperian, and L. R. Dawson, J. Elec-
tron. Mater. 14, 95 (1985).

13. V.N.Brudnyi, N. G. Kolin,andA. . Potapov, 1zv. Vyssh.
Uchebn. Zaved., Fiz. 35 (10), 57 (1992).

Trangdlated by A. Spitsyn

SEMICONDUCTORS Vol. 37 No.2 2003



Semiconductors, Vol. 37, No. 2, 2003, pp. 145-147. Translated from Fizika i Tekhnika Poluprovodnikov, Vol. 37, No. 2, 2003, pp. 156—158.

Original Russian Text Copyright © 2003 by Vaksman, Nitsuk, Purtov, Shapkin.

ELECTRONIC AND OPTICAL PROPERTIES

OF SEMICONDUCTORS

| nver sion of Conductivity Typein ZnSe Single Crystals Obtained
by the M ethod of Free Growth

Yu. F. Vaksman*”, Yu. A. Nitsuk*, Yu. N. Purtov*, and P. V. Shapkin**
* Mechnikov National University, ul. Petra Velikogo 2, Odessa, 65026 Ukraine
Ne-mail: vaksman_yu@farlep.net
** | ebedev Physical Institute, Russian Academy of Sciences,

Leninskir pr. 53, Moscow, 117924 Russia
Submitted April 25, 2002; accepted for publication June 17, 2002

Abstract—2znSelIn and (ZnSeiln):Zn single crystals obtained by the method of free growth were studied.
Inversion of the conductivity type was attained by annealing crystals in an atmosphere of saturated selenium
vapors. Hole conductivity was attained for the first timein (ZnSe:In):Zn crystalswith an initially high electron
conductivity (3-5 Qt cm™). The origin of donor and acceptor centers responsible for the conductivity of crys-
tals was ascertained. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Zinc selenide is one of the most promising materials
for the fabrication of injection electroluminescent
structures and lasers which emit in the blue region of
the spectrum. In this context, the problem of obtaining
bulk crystals with a high electron conductivity and
attaining conductivity-type inversion in a confined
n-ZnSe layer becomes extremely important.

Undoped ZnSe crystals have a high resistivity (p ~
10° Q cm). A decreasein theresistivity of crystalsis
typically attained by annealing them in a melt of
high-purity zinc or aluminum. The resistivity of the
ZnSe:Zn samples we studied was typically no higher
than 40 Q cm. Doping with aluminum results in a
decreasein resistivity to 0.1 Q cm. At the sametime, an
increase in the intensity of self-activated long-wave-
length luminescence is observed in ZnSe:Al, which
reduces the quantum yield of blue emission. It was
shown previously by Vaksman et al. [1] that crystals
obtained by the free-growth method and subsequently
subjected to annealing in a zinc melt have alow resis-
tivity (p = 0.2-0.3 Q cm); in addition, the efficiency of
the edge emission in these crystalsis higher than that of
long-wavelength self-activated emission. We believe
that such crystals hold considerable promise as a mate-
rial for light-emitting structures.

In this context, we report in this paper the results of
studying the electrical conductivity of ZnSe, ZnSe:In,
and (ZnSe:ln):Zn crystals annealed in saturated sele-
nium vapors. We show for the first time that it is possi-
ble to inverse the conductivity type in zinc selenide
crystals with a high eectron conductivity. The aim of
this study is to clarify the types of dominant intrinsic
and impurity defects that induce conductivity-type
inversion in the crystals under investigation.

2. EXPERIMENTAL

The ZnSe single crystals under investigation were
obtained by the method of free growth on oriented sin-
gle-crystal ZnSe substrates. Vapor-phase doping of the
crystals with indium was effected in the course of the
crystal growth. The growth of the crystas was
described in detail elsewhere [2]. The indium concen-
tration in the crystals under investigation was deter-
mined using the atom-emission method and varied
from 10% to 10%° cm3.

The ZnSe crystalswere anneal ed in selenium vapors
in evacuated quartz cells for 0.5-20 h at a temperature
of 1120 K. Samples annealed in vacuum or in zinc
vapors in similar conditions were used as references.

Electric contacts to n-ZnSe crystals were formed
using fusion of indium. Contacts to p-ZnSe samples
were obtained by the cathodic sputtering deposition of
platinum. We verified that the contacts were nonrectify-
ing by measuring the current—voltage characteristics.
The conductivity type was determined from the ther-
mopower sign. The resistivity was measured using the
van der Pauw method.

3. ELECTRICAL CONDUCTIVITY
OF n-ZnSe CRYSTALS

We studied temperature dependences of the dark
electrical conductivity in ZnSe and ZnSeiIn crystals.
We ascertained that the electrical conductivity of
undoped n-ZnSe crystalswas controlled by donorswith
an activation energy of E, = 0.66 eV. Interstitial zinc
atoms correspond to the donors with this activation
energy [3]. The n-ZnSe:In crystals were characterized
by two values of donor-activation energy: E, = 0.03 and

0.39 eV. The former value corresponds to In;,, donor
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Fig. 1. Indicatrixes of scattering of light in an undoped ZnSe
crystal (dotted line) and in a ZnSe crystal doped heavily
with indium (the solid line).

centers, which were identified previously. The donors
with an activation energy of 0.39 eV were not detected
in undoped crystals. We believe that these donors are

related to In’" interstitial atoms. The In’" centerswere

detected in ZnSein crystals for the first time. Evi-
dently, the formation of these centers becomes possible
owing to doping of the crystals in the course of their
growth.

A fraction of indium atoms leaves the zinc lattice
sites for interstices when the ZnSelln crystas are
annealed in a zinc melt and the indium solubility in the
crystalsislowered. Thisinferenceis corroborated by an
analysis of the absorption spectra of ZnSe:In crystals
before and after their annealing in a zinc melt [1].
Escape of indium atoms to interstices is accompanied
by the formation of associative macrodefects. In order
to estimate the size of the macrodefects, we measured
the optical indicatrixes of light scattered in the crystal
without absorption. A semiconductor |aser emitting at a
wavelength of 660 nm was used as the light source. In
Fig. 1, we show the indicatrixes of scattering for an
undoped ZnSe crystal and aZnSe crystal doped heavily
with indium. It can be seen that theindicatrix of scatter-
ing for the heavily doped crystal has a clearly pro-
nounced asymmetry in theforward direction (i.e., inthe
direction of optical-beam propagation) and features
two poorly pronounced maximaat the base of the right-

VAKSMAN et al.
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0.004 0.006 0.008 1/T, K!

Fig. 2. Temperature dependences of dark current in
(1) ZnSe:Se, (2) (ZnSeln):Se, and (3) [(ZnSeiln):Zn]:Se
crystals.

hand side of the diagram. Thisfact suggeststhat, in this
case, we have Mie scattering by particleswhose sizeis
larger than A. It is also noteworthy that the scattering
defectsarelocated in ahighly conducting medium with
alarge dielectric constant (€ = 8.1). This circumstance
brings about an increase in the role of the reflected
component of optical radiation (theleft-hand part of the
diagram).

As noted previoudy [1], the formation of indium-
related macrodefects reduces the electron mobility in
(ZnSe:n):Zn crystals. In addition, the (ZnSe:ln):Zn
crystals are grayish, which reduces their optical trans-
mission. The electrical conductivity of ZnSe:ln crystals
annealed in a zinc melt has a single activation energy,

E, = 0.02 eV, which corresponds to In;,, shallow-level
donors.

4. CHARACTERISTICS OF p-TYPE CRYSTALS

It was ascertained that conductivity-type inversion
occurred in ZnSe, ZnSeiln, and (ZnSe:ln):Zn crystals
as aresult of annealing in selenium vapors. Annealing
for 5 h was found to be optimal. The characteristics of
the samples annealed in selenium vapors are listed in
the table. It should be noted that control annealings of
the samples in vacuum or in zinc vapors did not result
in inversion of the conductivity type. In particular,

Electrical characteristics of ZnSe crystals with p-type conductivity

The crystal type p, Qcm i, cm?V-1s1[3] p, cm3 E,, eV
ZnSe:Se 3x10° 25 5x 1010 0.43
(ZnSeiln):Se 1x 106 25 1x10% 0.12,0.43
[(ZnSeln):Zn]:Se 4% 10° 25 3x 111 0.08, 0.12

Note: p and p are the hole concentration and mobility, respectively.
SEMICONDUCTORS Vol. 37  No. 2 2003
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annealing (ZnSe:Iln):Zn crystals for 5 h in vacuum at
900°C leadsto an increase in the resistivity of the crys-
tals from 0.3 to 8 Q cm. Similar annealing in zinc
vaporsresultsin adecreasein theresistivity from 0.3 to
0.2Q cm.

In order to determine the origin of the centers
responsible for hole conductivity in the crystals under
investigation, we studied the temperature dependence
of the dark current I(T) (Fig. 2). The hole conductivity
in ZnSe:Se is characterized by an activation energy of
0.43 eV (Fig. 2, curve 1). Thisvalue, according to Ser-
dyuk et al. [4], corresponds to the activation energy of
the (V,,Vg)~ center, which incorporates a doubly
charged zinc vacancy. The same defects are observedin
(ZnSeln):Se. However, in a low-temperature region,
the hole conductivity of (ZnSe:In):Se crystals has an
activation energy of 0.12 eV (Fig. 2, curve 2). Accord-
ing to Krasnov et al. [5], the activation energy E, =
0.12 eV corresponds to neutral (Vz,Vs)* associative
defects. It was ascertained that these defects are aso
present in [(ZnSe:In):Zn]:Se crystals. At the sametime,
the p-type conductivity of these crystals at low temper-
atures is controlled by acceptors with an activation
energy E, =0.08 eV (Fig. 2, curve 3). We observed such
shallow acceptor levelsin p-ZnSe crystals for the first
time. Taking into account the amphoteric properties of
indium, we may assume that these acceptors are impu-
rity atoms that are localized in the selenium sublattice.
Thisassumption is corroborated by the following facts.

(i) The concentration of zinc vacancies increases
and the concentration of selenium vacancies decreases
as a result of annealing in selenium vapors. In these
conditions, substitution (filling) of selenium vacancies
can occur according to the scheme Vg, + In — Ing,.
This substitution proceeds simultaneously throughout
the entire volume of the crystal, since selenium impu-
rity was introduced in the crystals during their growth.

(ii) The solubility of indium in the crystals under
consideration increases as a result of anneaing the
samples in selenium vapors. Thisinference is corrobo-
rated by an increase in the transmittance of
(ZnSeiln):Zn crystals after their annealing in selenium
vapors.

In order to check the uniformity of the physical
properties of [(ZnSe:In):Zn]:Se crystals, we performed
a small-angle (5°) lapping of one of the crystal faces.
This made it possible to measure the photolumines-
cence spectra at various distances from the sample sur-
face. We found that these spectra were identicdl; i.e.,
they remained unchanged as the distance from the sur-
face was varied. We also measured the resistivity of
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crystals in the course of consecutive lapping of one of
the faces to a certain depth. These results also indicate
that crystals are electrically homogeneous. Thus, we
may state that the presence of excess indium in inter-
stices of (ZnSe:In):Zn isthe main cause of formation of
shallow-level Ing, acceptor centers during heat treat-
ment of the crystals in selenium vapors. These centers
(along with zinc vacancies) giverise to hole conductiv-
ity in[(ZnSe:In):Zn]:Se crystals.

The absence of shallow acceptor levelswith an acti-
vation energy of 0.08 eV in the band gap of
(ZnSe:In):Se crystals indicates that the source of effi-
cient indium diffusion to the selenium sublattice is
related to indium macrodefects, rather than point inter-

stitial In’* centers.

5. CONCLUSIONS

The following conclusions can be drawn on the
basis of the above results:

() Inversion of the conductivity type occurs in the
crystals under investigation as a result of annealing in
selenium vapors.

(1) Hole conductivity of ZnSe and ZnSe:In crystals
is controlled by zinc vacancies, which are incorporated
into (V,,Vso)* and (V,Vs,)~ associative defects.

(I  The low-temperature conductivity of
[(ZnSeiln):Zn]:Se crystals is controlled by shallow-
level Ing, acceptor centers, which are uniformly distrib-
uted over the volume of crystals. Formation of these
centersis related to the presence of indium-containing
macrodefects in (ZnSe:ln):Zn crystals; these macrode-
fects are located in interstices of the crystal lattice.
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Abstract—Analytical expressions for the normalized intensities of bands in the spectra of low-temperature
(T =1.8-4.2 K) luminescence, related to the recombination of free electrons at shallow-level acceptors, to the
recombination of free holes at shallow-level donors and to the electronic transitions between the components
of donor—acceptor pairs and of bound excitons are reported. Different possibilities of using these expressions
for determination of the changesin the concentrations of shallow-level acceptors and donors, caused by external
factors F, are analyzed. A comparison of the theoretical dependences of the normalized intensities of low-tem-
perature impurity-, donor—acceptor-, and exciton-luminescence bands on F with the rel evant dependences used
in experimentsis performed. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It is known that a number of intense bands are
observed in the low-temperature edge-luminescence
spectra (the energy of emitted photons hv) of semicon-
ductors (Fig. 1). These bands (see, for example, [1]) are
due to (1) the radiative recombination of free electrons

at shallow-level neutral acceptors A° (intensity | j0), Of

free holes at shallow-level neutral donors D° (intensity
o0)» and of free electrons and holes (intensity Ig);

(2) the radiative transitions of electronsfrom donors D°
to acceptors A° (intensity 1, ,0); and (3) the radiative
annihilation of both free excitons (intensity Iy) and
excitons bound at neutral acceptors A%X, at ionized
donors D*X, and at neutral donors DX (intensities
I oy s 1 ey @nd I o , respectively).

Analysis of theratios of the intensities of the above-
listed edge bands in the luminescence spectra of semi-
conductors is widely used to determine the concentra-
tions of shallow-level acceptors N, and donors Ny in
the latter and the changes in these concentrations
caused by different external factors F (see, for example,
[2] and relevant references therein, as well as [3, 4]).
However, in order to use this method for the determina-
tion of N, and Ny and their changes, one should carry
out a detailed analysis of its validity. Previously [2],
such an analysis was performed for semiconductors
containing isolated acceptors and donors (to which
transitions of only free electrons and holes are possible)
(Fig. 1). Evidently, this method is valid for elemental
semiconductors, such as Si and Ge, where concentra-
tions of shallow-level acceptors and donors are gener-

aly low. In the I1I-V and 1I-VI semiconductors, the
concentrations of shallow-level acceptors and donors
are quite high; therefore, a great number of acceptors
and donorsform donor—acceptor (DA) pairswith acon-
centration of Npa.

In this study, we generalized the results obtained in
[2] for the case of semiconductors containing rather
high concentrations of shallow-level acceptors and
donors. Due to high concentrations of shallow-level
impurities, intense DA transitions are possible in such
semiconductors (Fig. 1). We present relations for the
normalized intensities of bands in low-temperature
edge-luminescence spectra. These relations make it
possible to determine the changesin the concentrations
of shallow-level acceptors and donors when external
factors are varied.

2. BASIC ASSUMPTIONS

(1) We consider semiconductors containing shal-
low-level acceptors A and shallow-level donors D. On
the one hand, transitions of free electrons and holes to
acceptors and donors are possible. On the other hand,

0
Ihpo i eA %AOXEI D % I Do%] X %;elz
‘V

A A% DX DX X eh

Fig. 1. Radiative transitions in bound (A°X, D*X, and D®X)
and free (X) excitons: to isolated donors D and acceptors A;
between the components of DA pairs; and between the com-
ponents of free-electron—free-hole pairs (eh).

1063-7826/03/3702-0148%24.00 © 2003 MAIK “Nauka/ Interperiodica’
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the transitions of electrons may occur from donors to
acceptors; i.e., between the components of DA pairs
(Fig. 1). Free excitons X may be bound at one of the
components of DA pairs to form exciton—mpurity

complexes.’ In addition, the semiconductor under con-
sideration may contain defects of other types, which, to
some extent (in comparison with the acceptors and
donors), affect the recombination rate of excess elec-
trons and holes (in particular, the concentrations of
photoel ectrons and photoholes[5]).

(2) Let the generation of excess electrons and holes
occur uniformly throughout the semiconductor bulk.
We assume that the semiconductor is at alow tempera-
ture (T = 1.84.2 K). In this temperature range, neither
thermal ionization of acceptors and donors nor thermal
decay of excitons occurs; and the semiconductor’s con-
ductivity, due to the impurity deionization, is governed
by excess electrons and holes.

(3) It isknown that not only radiative, but also non-
radiative electronic transitions (of the same type as
Auger transitions) may occur between the components
of DA pairs and between the components of free and
bound excitons[5-10]. In what follows, we assume that
the role of the Auger recombination of DA pairs and
bound excitons is insignificant. By this we mean that
(i) the distance between the components of DA pairsis
relatively large [5, 6]; (ii) the concentrations of excess
charge carriers dn and dp and the concentration of DA
pairs Np, are not very high [5, 6]; and (iii) excitons are
bound at shallow-level acceptors and donors in direct-
gap semiconductors, for example, GaAs [6, 8]. In this
case, the transitionse — A%, h — D9, and D? — A
between the components of DA pairs and the annihila-
tion of bound excitons result mainly in the emission of

photons (Fig. 2).2

3. RELATIONS FOR DETERMINING
CONCENTRATIONS OF SHALLOW-LEVEL
ACCEPTORS AND DONORS IN DIFFERENT
CHARGE STATES

Itisevident that, at low temperatures (see Section 2),
changes in the concentrations of neutral acceptors and

donors (N, and N_,, respectively) per unit time are
governed by the balance equations

dNo o .

T = CpA(NA - NA0)6p - CnANAoén - Cn NDONAO = 0,(1)

aN, .
—al\%— = CnD(ND — ’\‘30)6n - C?)D’\‘Doép - C: NJONAO = 0(2)

1 We assume that the Bohr radius of bound excitons A°X, D*X, and
DO% is significantly smaller than the distance between the compo-
nents of the DA pair.

2n direct-gap semiconductors (in particular, in CdS) the quan-
tum yield of luminescence caused by the annihilation of exci-
tons bound at shallow-level acceptors and donors is close to
unity [6, 8].
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Fig. 2. Calculated exciton-luminescence spectra of GaAs at
T=4.2K. Theratiosof theintensities| o : 1 . 1 o :
A’X " DX T DX
Ixareassumedtobeequal to (1) 2:5:3:2;(2)12:1:1: 1;
B1:12:1:1;,4H1:1:12:1;and(B5)1:1:1:12. 1t
follows from here (see (9)) that (1) ny ~ dndp, NA°’ ND+ ,
N_o: (2) nix ~ 8n8p/N o (3) nix ~ BnSp/N _. ; (4) ny ~

ondp/N 00 and (5) ny ~ dndp.

Here,No—N o =N __andNp—N_, = N_. arethecon-
centrations of ionized acceptors and donors, respec-
tively; &p and dn are the concentrations of excess holes
and electrons, respectively; ¢, and Cpp are the coeffi-
cients of hole trapping by ionized acceptors and neutral

donors, respectively; ch and c;, are the coefficients
of electron trapping by neutral acceptors and ionized
donors, respectively; and ¢} isthe DA-recombination

coefficient. Thevalueof ¢ heavily dependson thedis-
tance between the donor and acceptor in aDA pair; i.e.,
it is significantly different for DA pairs with dissimilar
radii [5, 6]. Therefore, we regard ¢ as the average
value of the DA-recombination coefficient.

Relations (1) and (2) imply that the annihilation of
exciton-impurity complexes A°X, D*X, and D%
(Auger processesin such complexes are disregarded) is
accompanied by the appearance of isolated acceptors
A and donors D* and D°[11, 12]. In this case, the anni-
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hilation of bound excitons does not affect N A0 ND

and N_o; i.e, these quantities are governed only by

transitions of electrons and holes to neutral and ionized
acceptors and donors. Expressions (1) and (2) are valid
if the photogeneration rate of electron—hole pairs(eh) is
nonzero.

A simple transformation of Egs. (1) and (2) allows
us to obtain quadratic equations in the unknowns N

+

ND+ , and NDO. The solutions for these equations will

make it possible to determine the steady-state concen-
trations of neutral acceptors and ionized and neutral
donors at different relations between the quantities

coNpdn = b and ¢ AN8p = d,
Ci(b+d)=a* and (2a)

(CoABN + CoadP)(CrpdN + CppdP) = a.

4. INTENSITIES OF BANDS
IN THE EDGE-LUMINESCENCE SPECTRUM

Undoubtedly, under the above-mentioned condi-
tions (see item 2 in Section 2), the intensities of the
edge-luminescence bands (Fig. 1) are governed by the
relations[12]

0 0
l 0 = CraN 0N, 1 o = CppN_0Op,

e h (3)
IDOAO = C: NDONAO,
len = CONOP, |y = ayny, 4
IA°x = O Maox = bAOXNAOnX’ ®)
I e = Ao Ngey = boe NNy, (6)
I oy = 0o Nyoy = Doy NoNx. (7
Here,

= byxdndp . )

X - b

Ox+b,o No+b . N.+b N,
My, Nyo, s Nyey o @Nd N, arethe concentrations of free

excitons and excitons bound at neutral acceptors, ion-
ized donors, and neutral donors, respectively; c is the
rate of direct radiative recombination of free electrons

and holes; ay, o o , 0., and o, arethe probabil-
ities of radiative annihilation of free excitons and exci-
tons bound at neutral acceptors, ionized donors, and

neutral donors, respectively; and by, b, , b_. , and
b0, are the probabilities of binding of an electron—

hole pair with the formation of afree exciton and bind-

GLINCHUK, PROKHOROVICH

ing free excitons at neutral acceptors, ionized donors,
and neutral donors, respectively.

The relations for the intensities (5)—(7) and for ny
(8) imply that there are only a small number of accep-
tors and donors at which excitons are bound; i.e.,

Noy, < Ny, oo < Ng., and Noo, < NDO.Thisis
one of the main conditions for the applicability of the
method under consideration [2].

Evidently, when the values of N ,, N_., and N,

areknown (see Egs. (1) and (2)), relations (3)—(7) alow
us to determine the normalized intensities of the edge-
luminescence bands which are directly related to the
concentrations N, or Np.

Asfollows from (4)—(7), the ratios of the intensities
of the exciton-luminescence bands are governed by the
expression

R P L
N o by No- 1 b Notay.

9

- bA°x

It can be seen from (8) and (9) that the shape of the

exciton-luminescence spectrum allows us to estimate

the relationship between the recombination character-

istics of free excitons on the right-hand side of expres-

sion (9). Thus, we can estimate the relative role of dif-

ferent channels of annihilation of free excitons and, in

particular, determine the dominant mechanism of their
recombination (see Fig. 2).

5. THEORETICAL RELATIONS
FOR THE NORMALIZED INTENSITIES
OF BANDS IN THE EDGE-LUMINESCENCE
SPECTRUM

In what follows, we consider the most convenient
(i.e., independent of the generation rate of electron—
hole pairs) relations for the normalized intensities of
the impurity-, DA-, and exciton-luminescence bands,
which follow from expressions (3)—(7). Theserelations
allow us to directly determine (without measuring &n
and op simultaneously) the changes in the concentra-
tions of shallow-level acceptors and donors when the
external factor F isvaried. The changes in the concen-
trations are derived from an analysis of the dependence
of the edge-luminescence intensity on illumination.
Evidently, the normalized intensities are convenient if
the relevant spectral bands have similar illumination-
dependent characteristics.

We will perform a theoretical consideration of the
convenient normalized intensities of the edge-lumines-
cence bands for the limiting cases of high and low con-
centrations on and dp. We will show that the normalized
intensities of the impurity-, DA-, and exciton-lumines-
cence bands may have the convenient form only when
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the quantitiesb = ¢, Npdh and d = Cpa NaOp Obey the
relations

b>d, b=d and b<d.

This convenient form may also be valid when rather
plausible relations

CrpON > CppdP,  Cpadp > CoadN

are satisfied. Notably, the ratio dp/dn is independent of
the external factor F and the generation rate of elec-
tron—hole pairs L [2]. The observed dependence of the
intensities of the edge-luminescence bandsonillumina-
tion (see Section 7) areindicative of the validity of both
of the above relations (we assume that they are valid
when L and F vary) and therelation dp/on # f(L). At the
sametime, thevalidity of therelation dp/dn # f(F) can be
verified only when dp and dn are high (see Section 7).
However, it is not inconceivable that, in a semiconduc-
tor containing DA pairs, op/dn = f(F) at low dp and dn,
while, at high dp and dn, the ratio of these quantitiesis
independent of F [5]. Therefore, in what follows, when
considering the convenient normalized intensities of
edge-luminescence bands (which imply that the rela-
tion dp/dn # f(F) is satisfied), we will restrict our anal-
ysisto high generation ratesL (i.e., to high dp and &n).

For simplicity, we will not specify the form of the
dependence of the concentration of free excitons on
their recombination characteristics when determining
the convenient normalized intensities of edge-lumines-
cence bands. Undoubtedly, such specification is possi-
ble only if one of the mechanisms of free-exciton
recombination plays a dominant role in governing the
value of ny. In particular, if we have

GX > bAOXNAO+ bD+XND+ + bDOXNDO,

then ny 0 dndp; if we have

bAOXNAO > 0y + bD+XND+ + bDoXNDo,

then ny [J dndp/N o ; and if we have

then ny [ dndp/N o (see relation (8)). As was noted

above (see Section 4), we can assess the roles of differ-
ent channels of free-exciton annihilation in governing
ny (i.e., the shape of the dependence of the concentra-
tion of free excitons on their recombination character-
istics) from an analysis of the exciton-luminescence
spectra (Fig. 2). Evidently, the above-mentioned speci-
fication of the shape of the dependence of ny on dndp,

N, N_.,and N, cansignificantly increase the num-

ber of normalized intensities of the edge-luminescence
bands, which are convenient for determination of the
changesin N, and Ny when the external factor F isvar-
ied. The convenient normalized intensities can be easily
derived from the expressions presented below for the
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intensities of edge-luminescence bands and for the con-
centrations of acceptors and donorsin different charge
states.

5.1. Low Concentrations
of Excess Charge Carriers on and op
When the concentrations dp and on are low, the fol-
lowing inequality is satisfied: c; (b + d) > a (see(2d)).
In this case, it is quite plausible that the DA band is
dominant in the impurity-luminescence spectrum; i.e.,
I op0 =1 p00 1, oo (seebelow).

5.1.1.When b = ¢,p Npdn > d = ¢, N3P

In the conditions under consideration, it follows
from Egs. (1) and (2) that

Coa0pP
= PATF N, <N ,
A° C§¢D0ND A A W
- 0
CoaNa+CpN
ND* = M&), ND0:¢D0ND'

ChodN + Copdp
Here, if cpNa > €op N, then ¢, 3n > chp 3p;
CoaNASP/(CrpdN + €opdp) < Np.

The quantity ¢ o = Cop3N/(Crp3n + Cpp 8p) is the
probability of an electron being trapped by a donor
when the DA-transition rate is low (c;; N, < crpdn +
ch op, see Eq. (2)).

When the above relation between b and d is satis-
fied, it follows from the inequality ¢} b > a (see (2a))
and expressions (3) and (10) that

— 0 —
Cn®oNp > Coadp +Cradn, 1 0,0 = CoaNADP,
| oo/l o = ChN _o/CoadN = Ch & oNp/Coadn > 1,

_ 0 _ - 0
IDOAO/IhDO = C: NAO/CpDép = CpANA/Cqu)DOND-

Apparently, | oo > 1o,

because we should expect
that c,aNy > ch Np due to a significant difference

between the ¢, and c)p coefficients (Cpa > Cpp) [2].
It is very likely that this inequality is satisfied even
when Nj < Np.

If the quite plausible inequality ¢ n > cpp 3p is
satisfied (i.e, ¢, = 1), thenwe have N o [J NaOP/Np,
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N+ O f(Na, Np)dp/dn, and N o = Np. Inthis case, as
follows from expressions (3) and (5)—(7),

N
|0 N—;\apén, I oo O NpdP, 10,0 0 NAOP, (11)
N
IAOX |:| N_anép,
_ 0 (12)
CpaNa + CpNp
ID+X UJ anép, IDOX 0 Nan.

Thus, in order to determine the changes in N, and
Np wWhen the external factor F is varied, we can use the
following relations for the normalized intensities of the
impurity-, DA-, and exciton-luminescence bands:

IDOAO, IeA0 NA’ (13)
IhDo len  Np

ID"x

—= [0 Np. (14

Ix

Here, the use of convenient normalized intensities of
the impurity- and DA-luminescence bands make it
possible to determine variation in the rel ation between
N, and Ny as F changes. The convenient normalized
intensities of the exciton-luminescence bands allow us
to determine Np and N, as functions of the external
factor F.

5.1.2. Caseof b= ¢;p Npdn = d = c s Nadp(Ib—di <
b, d)

In this case, it follows from Egs. (1) and (2) that

C_6 1/2
N, = 83@ N, < N,

A cr N No = Mo

(15

+ 1/2
_ —lCnDérD
Ny = SN Np < Np.

Here,
B = (CapdNn + CopdP)/(CoadP + CoadN).

Then, it can be easily shown from the inequality
cy (b + d) > a(see (2a)) and expressions (3), (6), and
(15) that

—_— + — - .
|D0Ao - CnDNDén - CpANA6p> Ier, |hDo,

I O Npny,

o/l o CB3 N/3p, 1,0 /1 o B .

If therelation b = d is not violated when the gener-
ationrate L and the external factor F vary, i.e., if op/dn #
f(L) [then B # f(L)] and Np(F)on(F) O Na(F)dp(F)

GLINCHUK, PROKHOROVICH

(strictly speaking, the validity of the latter relation is
unlikely), for any 3, we can use only the following con-
venient relation for the normalized luminescence-band
intensities (this relation makes it possible to determine
the dependence of N on F):

|+
DX [ Np.
Ix

(16)

If B O on/dp (evidently, dn/dp O NA/Np; see above),

i.e, ChpON > Copdp and Cadp > Coa BN, We can use
the following relations to determine the changes in
Na/Np asF isvaried:

I o N 2
eA A
0 =—"=", a7
IhDO ENDD
o N
IA—X O N—A (18)
DX D

5.1.3.When d = ¢, Na8p > b= ¢;p Npdn
In this caseg, it follows from Egs. (1) and (2) that
NAo:q)AoNA, ND+: ND'
Copon (19)

Chd oNa

o= Np < Np.

Here,

Cpalp
CpadP + CoAdN

b0 =

isthe probability of ahole being trapped by an acceptor
when the DA-transition rateis low (c; N0 < Cpadp+

c2, dn, see Eq. (1)).

As follows from the inequality ¢, d > a (see (2d))

and expressions (3), (6), and (19), when d and b obey
the relation under consideration, we have

Crd oNa > CrpBn + Cppdp,

N
| o0 = Cc.oNpoN, I = bD+XNan,

0 0
I gopol 100 = €A N o/CopdP = Crad oNA/CpdP > 1,

0 0
| opo/l 0 = ChN_o/CradN = CrpNp/Coad ,oNa.
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Apparently, | ... > |_. because one should expect

D°A
that c/p Np > ch N, due to the significant difference

between the ¢, and cy, coefficients (¢ > coa) [2].
It is quite likely that this inequality is satisfied even
when Np < N,.

If the quite plausible inequaity c,,0p > cﬂAén is
satisfied (i.e., ¢, = 1), we then have N , = N, and
N0 U Npdn/N,. In this case, it follows from expres-
sions (3) and (5)—7) that

Np

| o O N3N, N

oo U onop, | jopo U Npon, (20)

N
Loy ONany, 1o ONpny, 1o O Nf”xén' (21)

Here, in order to determine the changesin N, and Np
when F is varied, in addition to relation (16), the fol-
lowing relations for the normalized intensities of the
impurity-, DA-, and exciton-luminescence bands can
be used:

22
. 01, N, (22
|A°x
O N,, (23)
Ix
I o N
|A X0 N—A (24)
DX D

In the conditions under consideration, the use of the
intensity | o, normalized to Iy makes it possible to
directly determine the change in N, as a function of F.
The intensities of the other luminescence bands alow
us to determine both the relations between Ny and Ny
and the dependence of N on F.

5.2. High Concentrations
of Excess Charge Carriers dn and op

When the concentrations dp and &n are high, thefol-
lowing inequality is satisfied: a> c (b + d) (see (2a));
i.e., the bands related to the transitions of free charge
carriers are dominant in the impurity-luminescence
spectrum (1., I, o > 100). Inthiscase, the concen-

trations N 20 ND+, and NDO are independent of the

relations between the quantities ¢, Npdn and Cpa NaOP
and the DA-transition rate. As follows from Egs. (1)
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and (2), the concentrations N 200 ND+, and NDO are
defined by the expressions

N . = CpadP C?)D5p
CpadP + CoadN

A

Na N_. =

D

Np,

CrpON + Cppdp 5

crodn

N, = T - o0 -
CrpON + C,p 0P

D

Np.

Coadp > Coadn  and  cpdn > copdp,
we have
NAO = NA,

N+ O Np3p/dn, N_o O Np.

Then, as follows from expressions (3) and (5)—7),

| o O NaON, 1o O Npdp,
. (26)
| jopo = ChNpNa,
| o O Nany, 1. 0 Npnydp/on,
(27)
| o, O Npny.

Evidently, in this case, in order to determine the
changesin N, and Ny in relation to the external factor
F, we can userelations (14), (18), and (23).

If the ratio op/dn is independent of the generation
rate of electron-hole pairs and of externa factors, we

have N o ONyand N. O N_o 0 Np. Then, it follows
from (3) and (5)«7) that | o, I, o, I jo0,and 1 o are
governed by relations (26) and (27) and by the relation
(28)

|D+x D IDOX |:| Nan, IX D nx.

Here, asfollows from (8), ny O dndp/f(Na, Np).

Undoubtedly, in this case, relations (14), (16), (18),
(23), (24), and the relation

(29)

describe convenient normalized luminescence intensi-
ties that make it possible to determine the changes in
Na, Np, and N/Np inrelation to F. Expressions (25) are
alsovalid (evidently, at any a, i.e., at any op and on) for
isolated acceptors and donors (for isolated impurities,
cy =0; seeFig. 1) [2]. Therefore, in the case of semi-
conductors containing isolated acceptors and donors, in
order to determine the dependences of N, and N on F,
we can also use (when relevant criteria are satisfied)
relations (14), (16), (18), (23), (24), and (29).
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6. COMPARISON
WITH THE EXPERIMENTAL DATA

In studies[3, 4], where changes in the intensities of
low-temperature (T = 4.2 K) edge-luminescence spec-
tra of semiconductors were analyzed in relation to the
external factor F, it was assumed that the semiconduc-
tors under investigation contained DA pairs. We com-
pare the above theoretical relations for the determina
tion of changesin N, and Ny caused by variation in F
with the relations used in [3, 4]. The authors of these
studies, in order to determine changesin the concentra-
tions of shalow-level acceptors (C and Zn atoms)
under varying conditions of epitaxial growth of n- and
p-GaAsfilms, analyzed the dependence of the intensity
of the DA-luminescence band (related to neutral C° or
Zn% atoms) normalized to | soxe Tgool I oys ON F.
L uminescence peaks were observed at hv,, = 1.490 and
1.5133 eV fortheD? — A% (i.e.,, D° —~ C%0r D° —
Zn°% and D°X — D%hv transitions, respectively [1]. It
was assumed [1] that, under the experimental condi-
tions, the relation |, o/l o, U Ny is satisfied. How-
ever, such arelation cannot be satisfied at all (see Sub-
sections 5.1 and 5.2). Another relation is possible, spe-
cifically, 10,0/l 0, O Na/ny (see relations (20) and

(21), (26) and (27)). In this case, | oo/l o O N, if

ny # f(F); i.e., the free-exciton concentration is inde-
pendent of the external factor F.

7. VERIFICATION OF THE VALIDITY
OF DETERMINING CHANGES IN N4
AND Np IN RELATION TO F
FROM AN ANALY SIS
OF THE EDGE-LUMINESCENCE SPECTRA

It follows from the above that the correct determina-
tion of changesin N, and Ny from an analysis of the
normalized intensities of edge-luminescence bands
under varying F is possible in the following cases:

@ no, <Ngo,n,. <N.,adn, <N;
(b) When the generation rate of electron—hole pairs

L and the external factor F are varied, certain relations
remain between the quantitiesaand ci; (b + d) (see(2d)):
a<ch(b+dyora> c} (b+d),
and between the quantitiesb and d: eitherb> d, b =d,
or b < d. In addition, the quite plausible relations

CrodNn > Chpdp and Cpadp > Coadn are stisfied;
(c) Theratio dp/dn isindependent of the generation
rate L at high concentrations dn and dp;

(d) The role of the Auger recombination of bound
excitons A°X, D*X, and D°X and of DA pairsisinsignif-
icant; and

GLINCHUK, PROKHOROVICH

(e) The ratio dp/dn is independent of the externa
factor F at high concentrations &n and dp.

It is quite easy to verify that the first four criteria
have been met. Evidently both the independence of the
normalized intensities of the edge-luminescence bands
from L and the form of the dependence of the edge-
luminescence intensity on illumination indicate that
these criteria are satisfied. In particular, at b u d and
on 0 dp we have

3/2 3/2
IeAOD6n) 1 IhDOD6 p) '

o, D8 )0y, 1, 08 p)ny

(seerelations (3) and (15)). It is much more difficult to
experimentally verify that criterion (€) has been met (if
we restrict the analysis to studying the luminescence
characteristics of semiconductors). Indeed, this verifi-
cation is possible only when we measure the lumines-
cence spectra of semiconductors with quite high con-
centrations of excess charge carriers &p and on, i.e., at

a> cr (b + d) (see (2d)). In this case, we can verify
that the criterion dp/dn # f(F) has been satisfied using
therelation I ., /1 o, 0 N_./N_, [J dp/dn (seerelar

tion (27) and study [2]). However, the luminescence
bands related to bound excitons D*X and D°X are not
aways observed simultaneoudly in semiconductors.
Therefore, if we cannot directly verify that the ratio
op/odn is independent of F, we should not use the nor-
malized intensities of edge-luminescence bands, which
depend on &p/dn, to determine changes in N, and Ny
when F varies.

8. CONCLUSIONS

It is quite convenient to use the normalized intensi-
ties of impurity-, DA-, and exciton-luminescence bands
to determine changes in the concentrations of shallow-
level acceptors N, and shallow-level donors Ny, aswell
as in the relations between them, under the effect of
external factorsF. In order to obtain reliable dataon the
dependences of N, and Ny on F from an analysis of the
intensities of the above-mentioned |uminescence
bands, one should strictly follow the criteria of the
applicability of the luminescence method to determine
the changes in the concentrations of shallow-level
acceptors and donors in semiconductors.
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Abstract—The existence of magnetic breakdown frequencies of Shubnikov—de Haas oscillations in layered
charge-ordered crystals has been proved. Classification of the magnetic breakdown frequencies has been per-

formed. © 2003 MAIK “ Nauka/Interperiodica” .

At present, the processing of experimental data on
the de Haas—van Alphen (DHVA) and Shubnikov—de
Haas (SDH) oscillations is mainly carried out on the
basis of the Lifshits and Kosevich (LK) theory [1],
which unambiguously relates the oscillation frequen-
ciesof the DHVA and SDH effectsto the extreme cross
sections of the Fermi surface (FS) by the planes perpen-
dicular to the direction of a magnetic field. However,
first of all, the LK theory isonly correct in aquasi-clas-
sical approximation that isvalid if the cyclotron energy
is small in comparison with the Fermi energy. Sec-
ondly, even with the validity of a quasi-classica
approximation, the Fermi surface can be determined
from extreme cross sectionsif they have only an almost
circular or ellipsoidal shape, i. e., in the approximation
of nearly free electrons [2], which is correct for most
normal metals. However, there are a number of semi-
conductor structures, in particular, semiconductor
superlattices [3], for which this approximation is not
appropriate. In this case, aswas shown in [4], the oscil-
lation frequencies of the DHVA effect could be
expressed in terms of the Fermi energy and the Fourier
transform of the energy of interlayer electron motion.
At the sametime, only some of these frequencies can be
identified with Fermi surface sections, even with not
necessarily extremal ones. Even for a narrow conduc-
tion miniband, when the first harmonic of the Fourier
transform is sufficient for determining the energy of
electron interlayer motion, the LK theory is only cor-
rect when anarrow conduction miniband isdivided into
anumber of Landau subbands. Thisis correct not only
for the DHVA but also for the SDH effectsif it is pos-
sible to ignore the influence of a magnetic field on car-
rier scattering. However, if the SDH effect is clearly
pronounced, as is shown in [5], it is necessary to con-
sider the influence of magnetic quantization not only on
the energy spectrum of the charge carriers but also on
carrier scattering. If therelaxationtimeisinversely pro-
portional to the density of states in a magnetic field,
whichis, in particular, correct for charge carrier scatter-

ing by acoustic phonons, in the case of a narrow con-
duction miniband, the SDH oscillation frequencies are
completely consistent with the LK theory, although
their relative contribution, in this case, does not corre-
spond to aquasi-classical approximation; i. e., the SDH
oscillation spectrum is simpler than the DHVA oscilla
tion spectrum. However, thisis, generally speaking, not
correct if the corrugation of the FS is more complex;
i. e, the tight binding approximation is inadequate for
adescription of theinterlayer motion of electrons. Nev-
ertheless, in charge-ordered layered crystals, to which
some semiconductor superlattices, dichalcogenides of
transition metals, intercalated graphite compounds [6,
7], and other crystals belong, a classification of the
SDH oscillation frequencies can be used whichisfairly
simple and convenient for the processing and interpre-
tation of the experimental data. This is the subject of
this study.

It was shown [8] that charge ordering can occur in
highly anisotropic (quasi-two-dimensional) layered
structures. This ordering consists in the simple alterna-
tion of layers more or less occupied by electronsand is
caused by the effective attraction between electrons due
to competition of the electron—phonon interaction and
Coulomb repulsion. In this case, the electron energy in
aquantizing magnetic field H, perpendicular to the lay-
ers, can be expressed as

e.(n k) = p*H(2n+1) £ JW252 + A2cos’ak, (1)

if the reference point of energy is placed at the midgap

between minibands. In formula (1), p* = UB%; Mg is

*

the Bohr magneton; m, isthe free electron mass; nisthe
number of the Landau level; m* isthe effective electron
mass in the plane of layer; W, is the effective constant
of attractive interaction and is directly proportional to
the electron concentration in the approximation of a
self-consistent field; o isthe ordering parameter, which
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describes nonequivalence of the layer occupation by
electrons and is equal to the ratio between the electron
density difference in neighboring layers and average
electron density (at zero temperature A = 0, H = 0,
0 — 1; in the state of unorder, & = 0); A is the mini-
band half-width in the unordered state; k, is the quasi-
momentum component in the direction perpendicular
to the layers; and a is the distance between trandation-
aly equivalent layers.

Assuming that the electron relaxation time is
inversely proportional to the density of statesin amag-
netic field [9], the oscillating component of conductiv-
ity 0, for scattering by acoustic phononsin the approx-
imation hv < KT < p*H (v is the highest phonon fre-
guency) can be expressed, according to [5], as

Oos = Ok T Opg;s (2

where g, « is the component of conductivity, the oscil-
lation frequencies of which are unambiguously related
to extreme sections of the FS by the planes perpendic-
ular to the magnetic field; and oyg is the so-called
“magnetic breakdown” component of conductivity,
which we will analyze in detail. This component, as a
function of energy, can be written as

(<45 Ows =0,

N5 < {<-Wpd ®)

for

2ne’mral
Owg = —
KT H

xS (1) P HTH WS - wEaa?)
1

11 { . LAY
X [cosal* HE[S Eh* HE +S O HEH} (@]

. grdd g .[jTIAa]_ Ol [
+ qu.l* HD|:CI O 1O Ci e HDH’
for —Wyd<{<W,0

2ne’m*ai
Ovg = —
hKT | * H

* 3 (1) PHTHW - wia'a?)
= (5)
o [oae DT o (UWodT o (1A
[COSQJ* HD[S' O H 0~ S O HD}

Ol ~ 08~ [TUWod
O HD[CI O HD_CIDp* H Dﬂ
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For W0 < z< A5, Oy Can be obtained by the sum-

mation of expression (5) and the term oﬁﬂlé, which is

equal to

W _ 32meem*al

(0) =
M KT H
00 . I
Y (1) 1WA - Wis')
©®)
O o UWodT o [
*|cosfiiri SErw - St
O OO ~ U Wod
+an.1*HD|:Clql*HD C'Dp*HDﬂ'

For { > A, oyg(H) can be obtained by summation of

expression (5) and the term oﬁé , whichisequal to

2 _ 32mne’m*al

o KT H
<3 -0 W s - wgs'
=1 ()
O o [TUWodT o [TUA
x [COSQJ* HD[S' BT Si O HD}
. Ol ~JUA  ~ [J1Wod
+ squ* HD[CI O HD—CI T H Dﬂ

2 = (7PIKT/u* H)/sinh(TPIKT/p* H). )

The following designations are used in formulas (4)—
(8): C isthe electron chemical potential reckoned from
the middle of the gap between minibands, A5 =

JW3S + A?; 1, is a constant of a crystal and has the

dimension of time and characterizes the scattering
intensity; T is temperature; Si(...) and Ci(..) are the
integral sineand cosine; and sinhisthe hyperbolic sine;
and the other designations, with the exception of stan-
dard ones, are explained above. It should be noted that
formulas (3)—(8) are correct both for the charge carrier
scattering by acoustic phonons and other mechanisms
of scattering for which the relaxation time of longitudi-
nal momentum is inversely proportional to the density
of states. In these cases, only the factors before the
summation over | should be changed.

It follows from formulas (4)—7) that for Ag/p*H < 1
and Wpd/p*H < 1, when integral sines and cosines can
be represented by polynomias [10], the basic fre-
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guency of the magnetic-breakdown oscillations as a
function of 1/H can be defined by the formula

W, = T 9)
ford# 0, i. e, inthe case of ordering, w,; canin no way

be identified with any section of the FS by the plane
perpendicular to the magnetic field.

However, in the intermediate range of magnetic
fields, if the integral sine and cosine can be presented
by asymptotic expansions which contain sines and
cosines of appropriate arguments, the oscillation pat-
tern is more complex. In particular, it follows from (4)
that, for =A; < { < “W,9, the basic frequencies of the
magnetic breakdown oscillations are given by

W, = 2nYp*, (10)

0 = T A/ (11)

and they cannot be identified with any sections of the
FS by the planes perpendicular to the magnetic field in
the range of A5 < { < -W;0. However, the frequency

W, = T( L+ Dg)/p* (12)

is identified with stationary sections of the FS by the
planes k, = 0 and k, = =17a. In this region, the FS con-
sists of three separated parts.

In the range -W;0 < { < W;0, when the FS becomes
connected, new oscillation frequencies occur in addi-
tion to the frequencies which are determined by formu-
las (11) and (12), where w; is the magnetic-breakdown
and w, is quasi-classical frequencies. These new fre-
guencies are defined by the expressions

ws = T {—W,d|/p*, (13)
Wy = T+ W)/ u*. (14)

Inthiscase, ws cannot be identified with any station-
ary cross sections of the FS by the planes perpendicular
to the magnetic field. The frequency wy isrelated to the
stationary cross sections of the “necks’ which occur as
aresult of the FS transformation from closed to open.
However, for { > W0 — Ay/2, the frequency ws can no
longer be classified as a pure magnetic-breakdown fre-
guency, because it is identified with nonstationary sec-
tions of the FS by four planes which can be described
by the equations

O _, 3 O
k, = J_rarccosB(4Z —4CW,0) /AE/a, (15)

o _, 3 O
k, = +| TT—arccos[{4¢" —4C{W,0) /AJ/a|. (16)
O 0

Analysisof Egs. (15) and (16) shows, however, that

they are meaningful only if & < A/(./3W). In charge-
ordered layered crystals, we have A < W,. As aresult,

GORSKYI

under the conditions of charge ordering (6 = 1), the
frequency wg corresponds to magnetic breakdown for
W0 < { < Wpd. This inference is especialy true for
materials with a high critical transition temperature.

For W0 < { < A;, the occupation of a higher mini-
band setsin, and anew portion of the FS, whichiscom-
pletely enclosed by the first one, appears. Due to this
fact, new oscillation frequencies do not appear; only
frequencies wy, in strong magnetic fields and w, and wy
in intermediate magnetic fields are of magnetic-break-
down nature. However, if { > (A5 + Wp0)/2, then the fre-
guency w; isrelated to the nonstationary sections of the
FS by the planes perpendicular to the magnetic field;
these planes are described by the equations

1

0 22,
k, = iarcsm%(4ZA5—4Z ) /Alala, (17)

O ,3 0O
k, = x| 1— arcsnB(4ZA5—4Z ) /Agla . (18)

For { > A, only oscillations with the frequencies w;,
Wy, Ws, and wg occur in intermediate magnetic fields.
These frequencies are solely related to the stationary
sections of the FS by the planesk, = 0, k, = £17/a, and
k, = +172a. In addition, in strong magnetic fields, mag-
netic-breakdown oscillations with a frequency oy
occur.

It should be noted that the conditions Wpd/u*H < 1
and Aj/u*H < 1, at which oscillations with a frequency
w, occur, are actually the conditions for magnetic
breakdown between minibands, because 2W;0 is the
gap between them and 2u*H isthe energy gap between
the neighboring Landau subbands. Oscillations with
other magnetic breakdown frequencies can berelated to
the electron reflection from the Brillouin zone bound-
aries. The amplitudes of these oscillations are not large
in intermediate magnetic fields when W d/p*H and
As/u*H, but at the same time, they are not too small in
comparison with unity. This is important because a
sharp increase in conductivity occurs not only at the
crossing of the Fermi level with the Landau level but
also under the conditions of singularity in the density of
dtates, i.e., at the crossing of the Landau level with the
miniband boundaries. However, the amplitudes of al
magneti c-breakdown oscillations vanish for ¢ = 0.
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Abstract—A new method for processing data on the Shubnikov—de Haas effect in quasi-two-dimensional sys-
temsis suggested. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It is known that the kinetic coefficients of a degen-
erate electron gas oscillate in a quantizing magnetic
field if the Fermi quasi-levels intersect the Landau lev-
els. Such parameters as the effective mass, relaxation
time, and the concentration of charge carriers are usu-
ally determined from the measurements of the oscilla-
tion of conduction (the Shubnikov—de Haas effect).
However, it should be noted that only the Fermi energy
can be obtained directly from the period of oscillations
in areverse magnetic field. For obtaining other param-
eters, one should invoke theoretical considerations
describing this effect and the procedure for processing
experimental data. This procedure is not trivia since
the least-squares method is hardly applicable to the
oscillating functions, and Fourier analysisrequires spe-
cial analysis of nonoscillating parts and the consider-
ation of limitation in the range of measuredfields[1, 2].

Analysis of experimental data becomes more com-
plicated if the conductivity is caused by charge carriers
from two or more subbands of dimensional quantiza-
tion (henceforth, for simplicity, we restrict ourselvesto
the case of two occupied subbands). A theory describ-
ing the Shubnikov—de Haas effect with account of inter-
subband scattering is given in [3].

In this paper, we describe a method for processing
experimental data using the formulas given in [3]. We
believe that this method is simpler and yields better
results compared to conventional Fourier analysis.

2. THE PROCEDURE FOR CALCULATIONS

As shown in [3], if two subbands of dimensional
guantization are filled, the components p,, of aresistiv-
ity tensor are described by the following expressions:

_ .TD Tl
pxx - pxx +pxx’

™ _ A(T)
pxx - (pxx pXX)Slnh)\(T) (1)
Prx = Pux+ Prx-
Here,
_2r°T _eH
MT) = how,’ ©e = e
and
HF H1 n D
Pux = AHFZCOS%T[ 1'HexpD %3

LF _
Puy = ALFZCOS%T[ + r%expD " TF ()]

_ Ky —Ho _n T
pXX And2cos[2n 7o, }exp[ o, ooch'

The quantities pgx  Aur AL and A4 are nonoscillat-
ing functions of w.. These functions and the notation
used in the expressions (2) are given in the Appendix.

We should note that the variations in resistivity p
with magnetic field, at least for two-dimensiona sys-
tems, are more suitable for processing than the corre-
sponding variations in conductivity o (athough the
analytical expressions for o are simpler), since the
dependence of classical magnetoresistance on a mag-
netic field for p in two-dimensional systems is much
weaker than for . Thus, in the case of a single filled
subband of dimensional quantization for a degenerate

Fermi gas, the quantity pgx inaclassical limit isinde-
pendent of the field, while its counterpart ng depends

1063-7826/03/3702-0160$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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P, arb. units
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Fig. 1. Initial dependences of p,, on thereciprocal magnetic
field: the top, middle, and bottom curves are for the temper-
atures of 10, 2, and 1 K, respectively. For the sake of conve-
nience, py,(H) isdivided by py, (H = 0).

on the magnetic field so strongly that it becomes almost
impossible to distinguish the oscillating 023 compo-
nent against the background of this strong dependence.

Expression (1) contains a temperature dependent
(TD) and atemperature independent (T1) part. The lat-
ter contains smoothly varying classical magnetoresis-

tance p(x)X and a temperature-independent oscillating

function pQS of the second order with respect to the
parameter exp(—Tvw.T;). The TD part contains a term
corresponding to high-frequency (HF) oscillations
responsible for the occupation of the lower subband of
dimensional quantization, and aterm corresponding to
low-frequency (LF) oscillations responsible for the
occupation of the upper subband.

For illustration, will employ formulas (1) and (2) to
calculate the dependence of p,, on the reciprocal field
using values of parameters close to those observed in
experiment [4]. We consider the case where the occu-
pancy of the second subband is relatively small
(=10%). Figure 1 shows these dependences at severa
temperatures and the following values of parameters of
a medium: concentration in the first subband N, = 1 x
10%2 cm?; in the second subband, N, = 0.4 x 10* cm?;
the relaxation timein thefirst subband 1, =0.8 x 102 s,
in the second subband, T, = 4 x 10712 s; and the time of
intersubband scattering 1,, = 6 x 10?5,

First, we separate the TD and Tl parts from p,,. As
follows from expression (1), to do thisit is sufficient to
have the two experimental dependences p,(T,) and
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Fig. 2. Temperature-dependent and temperature-indepen-
dent parts of p,, (the bottom and the top curves, respec-
tively) obtained by the subtraction of any pair of curvesin
Fig. 1.

P.(T>) measured at different temperatures. Subtracting
one dependence from the other, we obtain

A A
~ sinhA (TZE'

PolT1) =Po(T2) = Prop(T1)

Multiplying the result by H En h)\( ) — smh)\( Z)D’

we exclude the temperature dependence and obtain

P » Which contains all the information about the sys-

tem. Similarly we can separatethe Tl part. The result of
such subtraction is shown in Fig. 2.

Thus, if we have a set of experimental curves p,(T)
obtained at different temperatures for the same sample,
the above subtraction procedure should yield the same
result for al pairs. This, in our opinion, is a good
method for the preliminary rejection of invalid experi-
mental data (or for theoretical verification in any spe-
cific experimental situation).

The following procedure for experimental data pro-
cessing isto some extent similar to Fourier analysis but,
in our opinion, is more convenient and simpler.

Let us consider, for example, p.° . This quantity is
a sum of two oscillating functions which decrease in a
reciprocal field. These functions can be separated by

1, TE
goes through zero halfway between the maximum and

the minimum of high-frequency oscillations. At these

points, the function becomes equal to py, . Thus, by
dividing the distance between the maximum and the
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Fig. 3. Terms p:'XF, p)';)'(: , and p:S separated out from the

curves shown in Fig. 2. The results of straightforward cal-
culation using formulas (1) and (2) are shown by thecircles.

minimum in two and finding the value of p,. at this
point, we separate the low-frequency part p.. from
P12 The high-frequency part can be obtained by sub-
tracting px, from p,. (this, of course, requires the

interpolation of pL' ). The separation of o7 from ¢,
(classical magnetoresistance) can be performed in a
similar way.

It should be noted that, generally speaking, the max-
ima for p,. do not coincide with the maxima for

W, -
cos%nfi—c:)c + rg The quantity p,. hastheform

f,(w)cos(Q,w) + f,(w)cos(Q,w); (©)]

therefore, the condition for the extremum of expres-
sion (3) is

—-Q,f,;9n(Q,w) + f;cos(Q,w)

+ f,c0s(Q,w) —Q,f,sin(Q,w) = 0.

(4)

AVERKIEV et al.

The condition for the applicability of the above simple
procedureis

1,

These conditions, as arule, are satisfied for actual val-
ues of parameters, but, if required, the values corre-
sponding to maxima could be refined, for example, by
using a standard iterative procedure,

fi
flgl

f5
lel

<1, <1, < 1. ()

—Q, () siN(Q,w;, 1) + f;008(Q;0)
+ f5(w) cos(Q,w) —Q,f,sin(Q,w) = 0,

which relatestheroots at preceding (w,) and succeeding
(0, ) iterations.

After the procedure for the elimination of high-fre-
guency oscillations is completed, all curves, except for

pr, should be centered with respect to zero and have

no beats. This serves as additional verification of the
theory. The result of this procedure is shown in Fig. 3.
Such separation is quite competitive in precision with
Fourier analysisif conditions (5) are satisfied. This can
be justified by comparing the division procedure and
the straightforward calculation of the data shown by
circlesin Fig. 3 by formula (2).

In principle, the curves obtained allow oneto calcu-
late all the parameters characterizing the system: Eg, A,
T,, Ty, and T,,. For the HF parts, again it is sufficient to
consider the values corresponding only to maxima
(minima) in the curve; then, thefitting function for A ¢
turns out to be simpler and more convenient for using
the least-squares method than the initial oscillating
function (E- can be easily determined from the period
of oscillations).

Asfor p. , the number of oscillations for the rela-

tively underpopul ated second subband may be small. In
this case, the entire function should be fitted.

3. CONCLUSIONS

Thus, we suggested a procedure for determining the
kinetic coefficientsin quasi-two-dimensional structures
from Shubnikov—de Haas oscillations. It should be
emphasized that, in order to determine the concentra-
tion of charge carriers in the lower subband of dimen-
siona quantization, complicated processing is not
required. Such processing is useful only if one wantsto
know the relaxation times in the first and second sub-
bands or the time of intersubband transitions. The sug-
gested procedure is also applicable when the charge
carrier concentration in the second subband is low and
its contribution to the total conductivity in the absence
of amagnetic field can hardly be observed.

In addition, this procedure is useful for the verifica-
tion of both the experimental data and the adequacy of
SEMICONDUCTORS  Vol. 37
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the theoretical model used for data processing for the
experimental situation.

Notably, the limitation imposed on the applicability
of (1) by the fact that this expression is derived in the
approximation of ashort-range potential isunimportant
since the transition to a long-range potential requires
only the substitution of times 1, and t, in the preexpo-
nential factors of expression (1) by the corresponding
transport times.

APPENDIX

Here, we present explicit forms of the quantities
involved in formulas (1) and (2) for the case of occupa
tion of two subbands of dimensiona quantization [3].
In the case under consideration, the systemis character-
ized by the following quantities: the Fermi level in the
first subband of dimensional quantization |, reckoned
from the bottom of the first subband; the Fermi level in
the second subband |1, reckoned from the bottom of the
second subband (these quantities can be easily
expressed in terms of the surface densities of charge
carriers in each subband); the relaxation times of
charge carriers in the first and second subbands 1, and
T, respectively; and the time of intersubband transi-
tions 14,. We introduce additional designations:

Tl
Ty = —
Tp—Ty

_ Llp
T22 - .
Tp—T,

Theresults of calculating g;, aregivenin[3]. Transition
from the o;, matrix to the reciproca matrix p;, = [0, ]
requires taking into account the condition for the appli-

L E < 1; therefore, it is
wcTi

cability of the theory exp-

0-)(X
2 2
c)-XX + GXy
power series of these parameters and to consider only

the zeroth- and the first-order terms for pr , and the

necessary to expand the quantity p,, = ina

second-order terms for pIX' .Asaresult, we obtain

0

(0)
Pxx = ﬁ(l + A10; + Ay, + Agy0p),
(0x) *(0yy)
which yields
00 - T
XX = 2 27
(0% + (O%)
0
(0)
AH _ XX 1r

F 0.2 0.2
(0x) +(0yx)
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0
—_ O-XX
ALF - 0.2 0.2 2
(Oxx) *(0y)
0
A — 0)()(
n

0« = T oot
(0x) *(0y)

The quantities A, are expressed in terms of conductivity
components in the following way:

(1) 0 __(1) 0 (1)
A, = O-xx _Zcxxcxx +0xy0xy
) 0.2 0.2 '
O (0x) *(0y)
(2) 0 (2 0 (2
AZ — %_Zoxxoxx +0xy0xy (6)
0 0.2 0.2
O (0x) *+(0y)

(nd) 0 _(nd) 0 _(nd)
Oyx _zoxxoxx +0xy0xy

0 042 0,2
(04) *(0x)

O-XX
The quantities appearing in (6), according to [3], are
given by

A =

o° :4neZD HiTy Mol O

o R (or)? 1+ ()

o° :41'[62D P T30, 1Y 0

YR 01+ (1) 1+ (wI) D
o0 4wt B2@r)” | nl-@il
TR 1+ (@) O+ (1) Trzl+ (01y)

T (1 (w012 }
T2 (1+(w,1,))° )

02 can be easily obtained from o' by the substitu-
tiont, — 1, i.e,

Ulri
2.2
Tio(1 + (WeT4)%)

(nd) _ 4me’
O = ﬁz

g 1, 1-3(w.1,)0
Hary: -1+ Bl=300)T
O T 1+ (w1,)°0

2
O 1-3(w,1,) 0

+ HaTo a ZE(OOCTz)Z—l"' T 1-3( cTz)ZD}
Tp(1+ (1)) U 122 1+ (w.1,)°0
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oD = 47'[62[ UlTiwc E 214
TR 1 (000 T+ (0010)0)
1+ 3(("-)c-|--1)2 E_'_ 2“2-[30% i|
2 2|7
(0,1)°(L+ (0.1)) 0 Tia(1+(00,12)%)
@ _ 4me’ Mo 1500, ] 21,
Oy = 2 ZD[ 2
h 1+ (00,Ty)" T(1+ (W, T,)%)

1+3(w1)’ O 2wTe, }

(@)X 1+ (@020 (14 (00,1))

o) _ 4T[e2[ 2U,T5 W, E]l b (0.1,)° =30
Xy 2 2 2
n° (14 (w01)) 0 T2(1+ (@) )

+

3

2U,T5W, %HE wW.I1,—3 D}
> —_— .
o1+ (@)Y T2l + (0™
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Abstract—The temperature dependence of electrical conductivity and current—voltage characteristics of
Feln,Se, single crystals were studied. It is shown that the current in the nonlinear range of the current—voltage
characteristic is caused by the field effect. The activation energy of charge carriers, the concentration of traps,
and the shape of apotential well in the region of atrap are determined. © 2003 MAIK “ Nauka/Interperiodica” .

In recent years, great interest has been expressed in

the semiconductors of the A'"B}' X' type (where A

stands for Fe, Mn, Ni, and Co; B, for Gaand In; and X,
for S, Se, and Te) containing elements with unfilled
d shells [1-6]. These compounds are promising as
materials for lasers, light modulators, photodetectors,
and other functional devices controlled by a magnetic
field.

Electrical properties of Feln,Se, single crystals are
poorly understood. In this paper, we report the results
of studying the temperature dependence of electrical
conductivity o(T) and current—voltage characteristics
in Feln,Se, single crystals.

Single crystals of Feln,Se, in the form of plane-par-
ald platelets were grown by the Bridgman—Stock-
barger method.

X-ray analysis showed that Feln,Se, crystallized in
a hexagonal lattice with the following parameters. a =
4.18A,c=19.47 A, cla=4.65[3]. The current—voltage
characteristics were measured in the samples with In
contacts fired-in on the opposite surfaces of plates. The
distance between contacts varied within 20-150 pm.

The current—voltage characterigtics of the In-Feln,Se,—
In structures at various temperatures are shown in
Fig. 1. The curves consist of two portions: an ohmic
portion (J [0 U) and a portion of nonlinear increase in
current (J O U™, n> 1).

Figure 2 shows that the ohmic portion can be
approximated by the relation o [0 exp(10%T) and con-
sists of three straight lines with different slopes. The
slope in the high-temperature region decreases more
considerably with decreasing temperature than in the
low-temperature region. The values of the activation
energy for impurity levels in Feln,Se, single crystals,
calculated from the slopes for the above three tempera-
ture portions, are E; = 0.13 eV, E, =0.28 €V, and E; =
0.45eV.

Figure 3a shows the electric-field dependencies of
electrical conductivity (as plots of logo vs. /F) mea-

sured at various temperatures in the region of a sharp
increase in current. The exponential law for the
increase in the electrical conductivity with field was
first advanced by Frenkel [7] in the form

o = o,exp(BF), 1

where 3 is the Frenkel coefficient,

fo e
KT /nsso’

e is the electron charge, € is the dielectric constant of
free space, k is the Boltzmann constant, and T is the
absolute temperature. From the slopes of the straight
linesin Fig. 3a, the values of 3 determined for various
temperatures fall within (2-3) x 102 (cm/V)Y2. The

)

J, A
—1 _
10 65
4
32
107 !
10—3 L
10—4 L
1075 | | |
107! 1 10! 10%
U,V

Fig. 1. Dark current-voltage characteristics of the
In-Feln,Se,—In structures at the temperatures T = (1) 300,
(2) 310, (3) 323, (4) 339, (5) 348, and (6) 363 K.
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Fig. 2. Temperature dependence of electrical conductivity
for the Feln,Se, single crystal.
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Fig. 3. (a) Electrical conductivity of Feln,Se, single crys-
tals as a function of the field F a T = (1) 300, (2) 310,
(3) 323, (4) 339, (5) 348, and (6) 363 K. (b) Temperature
dependence of the Frenkel coefficient 3.

temperature dependence of 3 (see Fig. 3b) was obtained
from the dependence o(FY?) at different temperatures.
As can be seen, (3 increases with decreasing tempera-
ture and the dependence B O 10%/T iswell obeyed. Such
temperature variation in B is in agreement with the
Frenkel theory, and the extrapolated straight line
B 0 10%T, in accordance with formula (2), passes
through the origin of coordinates. Itisshown by Hill [8]
that the smallest electric field magnitude, which corre-
sponds to the nonlinear relationship o = f(F), contains
information about the concentration of defects respon-
siblefor thermal-field ionization and electrical conduc-
tivity in Feln,Se, crystals. Using the expression

_ []2e
&mfﬂ 3

we can estimate the concentration of ionized centers N,
in Feln,Se, provided we know the values of the lowest
electric field F; at which a nonlinear o(F) dependence
sets in. We found that N, = 1.1 x 10' cm3. Of great
importance is knowing the shape of a potential well.
The function ¢(x) is the potentia energy that depends
on the distance to an impurity center or trap (X is the
distance along the direction of an applied field). The
energy changes under the action of an electric field [§].
It can be shown [8, 9] that

0(x) = “TEJF = eFx @
xﬁ%ﬁ. ®)

Using the experimental data and relations (4) and (5),
we determined the shape of apotential well in Feln,Se,,
asshowninFig. 4.

x, 10°cm
4 6 8 10
_0.5 T T T
-1.0+ -7
-1.5+
/
1
2.0+ ]
d(x), 102eV

Fig. 4. The shape of apotential well associated with an elec-
tron trap in Feln,Sey.
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If theform of the potential energy for theinteraction
with a center is known, one can obtain information
about the structure of trap centers. As was pointed out
in[9], an electron escapes from the center if the condi-
tion g, > E, — AU, is satisfied. The electron must con-
serve energy until it passes the saddle point and not
loose energy as aresult of thermal collisions.

This situation takes place if the mean free path of an
€l ectron exceeds the effective dimensions of a potential
well. The mean free path of charge carriers is deter-
mined by the following formula[9]:

1 _kip 1
o1(F) = S 7 (6)

The mean free path of an electron in Feln,Se,
crystals, calculated from experimental data accord-
ing to formula (6), is equal to approximately 9.8 x
106 cm.

Thus, the measurements of the current-voltage
characteristics and the o(T) dependence show that the
current in the linear portion of the characteristics is
caused by the field effect. The values of the activation
energy of charge carriers, the concentration of traps,
and the shape of a potential well were determined.

A =

SEMICONDUCTORS Vol. 37 No.2 2003

=

167

REFERENCES

T. Kanomata, H. Ido, and T. Kaneko, J. Phys. Soc. Jpn.
34, 554 (1973).

B. K. Babaeva, in Ternary Semiconductors and Their
Applications (Shtiintsa, Kishinev, 1976).

B. K. Babaeva and P. G. Rustamov, in Sudies in Inor-
ganic and Physical Chemistry (Nauka, Baku, 1977).

R. N. Bekimbetov, Yu. V. Rud', and M. A. Tairov, Fiz. Tekh.
Poluprovodn. (Leningrad) 21, 1051 (1987) [Sov. Phys.
Semicond. 21, 642 (1987)].

R. N. Bekimbetov, N. N. Konstantinova, Yu. V. Rud', and
M. A. Tairov, Neorg. Mater. 24, 1969 (1988).

N. N. Niftiev, A. G. Rustamov, and O. B. Tagiev, Fiz. Tekh.
Poluprovodn. (St. Petersburg) 28, 752 (1994) [ Semicon-
ductors 28, 442 (1994)].

Ya. I. Frenkel’, Zh. Eksp. Teor. Fiz. 8, 1292 (1938).
R. H. Hill, Philos. Mag. 23, 59 (1971).

N. G. Volkov and V. K. Lyapidevskii, Fiz. Tverd. Tela
(Leningrad) 14, 1337 (1972) [Sov. Phys. Solid State 14,
1149 (1972)].

Trandated by A. Zalesskii



Semiconductors, Vol. 37, No. 2, 2003, pp. 168-171. Translated from Fizika i Tekhnika Poluprovodnikov, Vol. 37, No. 2, 2003, pp. 176-179.

Original Russian Text Copyright © 2003 by Gorler, Grushka.

ELECTRONIC AND OPTICAL PROPERTIES

OF SEMICONDUCTORS

An Impurity Band in Hg;In,Te; Crystals Doped
with Silicon
P.N. Gorlei and O. G. Grushka

Chernovtsy National University, Chernovtsy, 58012 Ukraine
Submitted April 23, 2002; accepted for publication June 27, 2002

Abstract—The influence of silicon impurity on the energy-band spectrum in the Hgsln,Teg semiconductor
compound, which incorporated a high concentration of stoichiometric vacancies, was studied on the basis of
the results of electrical and optical measurements. It is shown that silicon impurity forms an impurity band of
donor states whose density can be approximated by a Gaussian distribution with a peak at E. — 0.29 €V. The
emergence of theimpurity band is accompani ed with the formation of a quasi-continuous spectrum of localized
states in the band gap (Ey = 0.74 eV); the density of these states is shown to increase as the doping level
increases. All states merge into a continuous band if the impurity concentration Ng > 4.5 x 1017 cm™3, Experi-
mental dataare explained on the basis of the effect of impurity self-compensation, in which case donor impurity
states arise simultaneously with acceptor states of defects. © 2003 MAIK “ Nauka/Interperiodica” .

Crystals of the Hg;ln, Te; compound belong to semi-
conductors with a sphalerite structure, in the unit cells
of which there are more sites than atoms. A sixth frac-
tion of cationic sites, which are unoccupied by atoms,
gives rise to a high concentration of stoichiometric
vacancies (~10? cm3). These defects radically reduce
the sensitivity of Hgslh,Te; electrical properties to the
introduction of afairly high concentration (~10%° cm)
of extraneous impurities; notably, this concentration is
still lower than that of intrinsic structural defects[1, 2].
Other important properties of this material are also
related to the specia features of its structure; these
propertiesinclude a high resistance of Hggln, Te; toion-
izing radiation, inertness of the surface to adsorption of
atomsfrom atmospheric air, high quantum efficiency of
photoconductivity in a wide range of photon energies
(0.74-3.0 eV), and so on. As aresult, this material has
found awide range of applications[3].

It is of interest to study the influence of doping on
the energy-band spectrum and the concentration of lev-
elsin the band gap of Hgsln,Teg; such studies can pro-
vide insight into the origin of self-compensation of

Characteristics of studied samples

impurities in Hgsln,Te; and into the role of stoichio-
metric vacancies in this phenomenon.

An Hgsln,Te; ingot was doped with silicon impurity
in the course of Bridgman—Stockbarger growth. The
concentration of introduced Si impurity was 10'° cmr3,
The distribution of impurity over the Hg;ln,Te; ingot
length was studied by analyzing the optical-absorption
spectra of samples cut from different parts of the ingot.
The spectral dependences of the absorption coefficient
were determined from the reflection R(hv) and trans-
mission T(hv) spectrameasured at 300 K in the photon-
energy range of 0.05 eV < hv < 0.74 eV. The form of
variation in the absorption coefficient along the ingot
length in the entire spectral range suggested that, in the
course of planar crystallization, silicon impurity was
distributed nonuniformly throughout the crystal with
the distribution coefficient k < 1. It was found that the
concentration of impurity atoms Ng in the starting part
of the ingot (from which samples 1-3 were prepared;
seetable) is much lower than the average concentration
of introduced Si impurity; in contrast, the impurity is
accumulated in the end part of the ingot, which results

n, cm3 |Ro], cm?Vv-1st
Sample no. Ng;, cm™ E, meV
T=300K
0 0 14 1012103 250-350
1 1.6 x 107 23 1.65 x 1013 307
2 2.7 x 10%7 25 1.72 x 1013 272
3 45 x 10Y 34 2.05 x 1013 205
4 - 36 7.44 x 1012 308
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in an appreciable decrease in transmission to a degree
of complete opacity of the material in this part of the
ingot. A steep slope of the concentration profile along
theingot length istypically [4] observed for deep-level
impurities with small values of k (k < 1).

The spectral dependence of the absorption coefficient
in the region of the fundamental-absorption edge is
described by Urbach’s relation a [ exp[HE, — hv)/E].
As the impurity concentration increases, the steepness
of the absorption edge decreases and the characteristic
energy E determined from the dope of the linear portion
of the dependence Ina = f(hv) (see the inset in Fig. 1)
increases (seetable).

Extrapolated linear portions of spectral depen-
dences of the absorption coefficient in the region where
the Urbach rule is obeyed converge to a common point
athv = E;=0.74 eV for sampleswith different impurity
concentrations. This observation indicates that the
value of E; is not affected by doping. Both the absorp-
tion coefficient and the characteristic energy E correlate
with the doping level. Diffuseness of the absorption
edge and its exponential dependence on hv for sample
0 (seetheinset in Fig. 1) are induced by the tails of the
density of states at the edges of allowed bands in the
starting (nominally undoped) Hgsln,Te; crystals. The
tailsin the density of states are presumably [5] caused
by crystal field fluctuations, which are introduced by
intrinsic defects (in the case under consideration, these
are stoichiometric vacancies). Doping brings about an
increase in the characteristic energy E, whichisindica-
tive of additional broadening of the tails in the density
of states and the appearance of localized states in the
band gap; these states form a quasi-continuous set and
merge with the bands of free charge carriers. Notably,
the density of these statesincreases asthe concentration
of Si impurity increases.

A selective absorption band peaked at hv = E, =
0.45 eV (Fig. 1) is observed in the spectral range of
2-25 pm against a background of continuous struc-
tureless absorption, which increases with the doping
level; this band is distinct in the spectra of samples 1-3
with alow impurity concentration Ng and disappears
when Ng exceeds a certain value. If we assume that
the impurity band features a Gaussian distribution of
the density of states, the absorption coefficient can be
expressed as [6]

a(hv) = apexp[—(hv —Ep)*/y7. 1)

The quantity y defines the half-width of theimpurity
band and is given by

y = S @
ego U4md
where
2en;
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Fig. 1. Absorption spectra of Hgsln,Teg samples either
(0) undoped or (1-4) doped with silicon; the parameters of
thesamplesarelisted in thetable. The numbersat the curves
coincide with numbers of the samplesinthetable. The same
spectra in the region of exponential increase in the absorp-
tion coefficient are shown in the inset.

is the Debye screening length, N is the impurity con-
centration, kg is the Boltzmann constant, and n; is the
concentration of intrinsic charge carriers at 300 K.

Formula (1) can be used to describe satisfactorily the
shape of theimpurity absorption band in samples 1-3 for
the values of Ng listed in the table. These values were
determined from the best fit of calculated curves to
experimental data. The dependences calculated using
formula (1) are shown in Fig. 1 by the solid lines.

According to Shklovskii and Efros [5], formula (2)
defines the rms potential of randomly distributed
screened impurities, which governs the spread of impu-
rity levels in energy positions and broadening of the
impurity band.

The observed selective-absorption band is most
likely related to optical transitions from the valence
band to the levels of the donor centers, which are ion-
ized at room temperature. Taking this circumstanceinto
account, we may assume that the peak in the density of
states responsible for the appearance of the selective-
absorption band is located below the conduction-band
bottom and is spaced from the latter at Eyy = E;—Ey =
0.29 eV.

Electrical measurements showed that the Si-doped
Hgsln,Te; samples under investigation retain intrinsic
electrical conductivity at T = 300 K; the electron type
of this conductivity is caused by the ratio between the
electron and hole mohilities b = p/u, > 1. Samples 1-4
do not differ from undoped samples in the concentra-
tion of intrinsic charge carriers (n; = 10*3 cm3); how-
ever, the former samples have a somewhat lower Hall
mobility |Ro| (see table) for the same value of n..

Temperature dependences of electrical conductivity
o(T), the Hall coefficient R(T), and thermoelectric
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log[n(p), cm™]
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Fig. 2. Temperature dependences of charge-carrier concen-
trations n and p for samples 1-3. Numbers at the curves
coincide with numbers of the samplesin the table.

power a,,(T) were analyzed using the well-known rela
tions [7] for the case of mixed conductivity; i.e.,

0 = ejp(nb+p), (€©)
R = A(p—nbz)
e(p+nb)*’ @

n=N.exp(-F/kgT), p=N,exp[—(E;—F)/ksT],

- at(hp)_agi?)b
%n = TTyp
k F
m _ T8 el
aw’ = o *2+ (5)

m _ ks E,—F
oy = S8 2+ 5
where N, and N, are the effective densities of statesin
the conduction and valence bands, respectively; F isthe
Fermi level position; A is the Hall factor; and r is a
guantity that depends on the mechanism of scattering of
the charge carriers. If thelatter are scattered by acoustic
lattice vibrations, we haver = 0.

The quantities n;, F, b, Mp, N, and N, were deter-
mined for the region of intrinsic conductivity using the
equality n=p=n;,inthecaseof r =0.

Equations (3)—«5) were solved simultaneously for
the region of transition from the intrinsic to extrinsic
types of conductivity, in which case n # p; in calcula
tions, we used the values of N, and N, determinedat T =
300 K and took into account the temperature depen-
dences of these quantities. The calculated temperature
dependences logn(p) = f(10%T) and F(T) are shown in
Figs. 2 and 3. As can be seen from Fig. 2, a correlation
between electron (n) and impurity (Ng) concentrations

GORLEI, GRUSHKA
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Fig. 3. Temperature dependences of the Fermi level position
for samples 1-3. Numbers at the curves coincide with num-
bers of the samplesin the table.

in the samples is observed in the region of low temper-
atures. However, the values of Ng exceed those of n =
(10%*2-10*3) cm2 by more than five orders of magnitude.
This observation isindicative of alarge degree of com-
pensation K = N/Ny = 0.999 [N, is the concentration
of acceptor (donor) impurity].

The spectra of absorption, which increases in the
entire transparency range of 2-25 pum as the doping
level increases, indicate that the Hg;ln,Te; band gap is
filled with both donor and acceptor states as a result of
doping with silicon. A number of electronic transitions
in a wide range of photon energies (0.05-0.62 eV) are
induced by the localized states, which are distributed
guasi-continuously throughout the band gap. The areas
under the peaks against the background of structureless
absorption are approximately the same for samples 1-3
(Fig. 1), although the impurity concentrations differ;
this effect is a result of pronounced (although incom-
plete) compensation of donors that form the impurity
band. Disappearance of the corresponding peak for
sample 4 occurs owing to the fact that this peak merges
completely with the increasing background absorption.
Transformation of the absorption spectra shown in
Fig. 1 iscaused by the simultaneous formation of com-
pensating defects with inclusions of doping impurity
and a transition to complete compensation of the
formed states. Probably, the formation of pairs consist-
ing of doping impurity and defects occurs with the
involvement of stoichiometric vacancies, which
ensures adecrease in energy and relaxation of the crys-
tal structure.

It is worth noting that we failed to perform calcula-
tionsfor sample 4 at T < 300 K using formulas (3)—«5)
owing to an anomal ous temperature dependence of the
thermoel ectric power oy, which has a sharp maximum
|-2150| uV/K in the region of 230 K; on both sides of
this maximum, o, decreasesto |-500| pV/K at T= 180K
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and to |-700| pV/K at 270 K. We are till unable to
interpret such behavior of a,(T).

In order to determine the energy position of the
impurity band from electrical measurements, we used a
differential method for an analysis of curves n(T); this
method was suggested by Hoffmann [8]. As can be seen
from Fig. 3, the Fermi level shifts monotonically into
the depth of the band gap as the temperature increases.
Electrons are released when the Fermi level intersects
an impurity level.

According to Hoffmann [8], the derivative—kz Tdn/dF
has a maximum when F coincides approximately
with the donor level E,. Therefore, the abscissa point
corresponding to the maximum of the dependence of
—kgTdn/dF on F defines the energy position E; — E;.

InFig. 4, we show theresults of differential analysis
of the dependences logn(10%/T) (Fig. 2) in the temper-
aturerange of 170-300 K. If the temperature variations
AT =T, - T, were small, we determined the dependence
of —kgTdn/dF on F(T) in terms of the function Z(x) [8],
where

n(T;)—n(T))
F(T)—F(T))’

x = [F(T;) + F(T))]/2.

In contrast to the dependences logn(10°%/T) (Fig. 2),
which do not exhibit any special featuresin the range of
170-300 K, the curves kg Tdn/dF plotted versus F(T)
(Fig. 4) have asingle peak; the latter correspondsto the
energy level E. — E; = 0.28 eV, since the Fermi energy
at which the peak isobserved isF = E,.

The small height of this peak and the appreciable
shift of this peak to lower energieswhen compared with
the position of the optical maximum result from alarge
degree of compensation [8]. However, a somewhat
decreased value of E; compared to the optical value
Eqo = 0.29 eV can be caused by electrical conductivity
via the percolation level, which is located below the
conduction-band bottom owing to the fact that the
allowed-band edges are diffuse and by approximations
used in determining Ey from electrical measurements,
i.e., by assuming that the values of N, N,,, A, and r are
fixed.

The studieswe performed showed that silicon impu-
rity affects the energy-band spectrum of Hgsln,Te;
by introducing localized states of acceptor and donor
types, which are distributed quasi-continuously
throughout the entire band gap; notably, an impurity
band with apeak in the density of statesat E.—0.29 eV

k
Z= —EB(Ti +T))
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Fig. 4. Dependences of the function -kgTdn/dF on the
Fermi level position F for samples 1-3. The numbers at the
curves coincide with numbers of the samplesin the table.

is formed against the aforementioned states if Ng <
4.5 x 10Y" cmr 3. If Ng > 4.5 x 10*” cm3, the complete
compensation of oppositely charged centers occurs; as
a result, a continuous structureless band of localized
states is formed in the band gap.
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Abstract—Electrical properties of ap*-Bi,Te;4p-GaSe isotype heterostructure fabricated for the first time are
reported. A qualitative model is suggested which explains the emergence of negative differential conductivity
for a forward-biased structure and for a reverse-biased structure, which is aso illuminated. © 2003 MAIK

“ Nauka/lInterperiodica” .

1. INTRODUCTION

Gallium monoselenide GaSe belongs to a wide-
spread class of layered I11-V1 compounds. It is used as
a base material for the development of various photo-
sensitive structures. Based on GaSe, solar cells [1],
high-efficiency photodiodes [2], and sensors of polar-
ized radiation [3] have been developed. The sensitivity
of native oxide of this semiconductor in the ultraviolet
spectral region means GaSe can be considered as a
promising material for the development of sensors of
ultraviolet radiation [4]. Native anisotropy of chemical
bonds inside the layers and between them exists both
for this material and other layered semiconductors
(InSe, GaS, Bi,Te;, etc.). It is believed that, due to this,
the substrates from these materials, which are obtained
by cleavage in air, are perfect not only geometrically
but also in that they are inert to atomic adsorption from
the atmosphere [5-7]. Because of this circumstance,
data on the influence of the interface for heterojunc-
tions or the GaSe surface for Schottky barriers are vir-
tually absent in the literature. As an exception to this
circumstance, there are severa studies in which the
native oxide layer wasintentionally formed at the GaSe
surface, for example [8], or the contact of GaSe with
such semiconductors as Ge or Si was investigated [9].
In thelatter case, deviations of electrical characteristics
from ideal ones were explained by the influence of the
Ge or Si surface. Analysis of experimental current—
voltage (I-V) characteristics of GaSe-based structures
is aso hampered by a high series resistance, which
depends nonlinearly on the voltage. Because of thiscir-
cumstance, instead of dark |-V characteristics, their
photoel ectrical modification is often reported in the lit-
erature (see, for example, [10]). Note that the large
series resistance of GaSe-based structuresis one of the
factors which hinders wide practical use of this semi-

conductor. However, reduction of the series resistance
to the conventional values for commercial Si or GaP
diodes can lead to nontrivial results. In this case, the
electrical characteristics of the structure will be deter-
mined mainly by theinterface propertiesrather than the
barrier properties. This is especially noticeable for
structures with alow potential-barrier height.

In this study, a p*-Bi,Te;p-GaSe isotype hetero-
structure fabricated for the first time is investigated.
The seriesresistance to adirect current for the structure
was ~20-40 Q, whereas the potential-barrier height,
which was experimentally determined from capaci-
tance—voltage (C-V) characteristics, was 0.1 eV.

2. EXPERIMENTAL

To reduce the seriesresistance, Dy-doped GaSe sin-
gle-crystals with amajority carrier density p= 10 cm
at 300 K were used to fabricate the heterojunctions. As
a contacting material, we used weakly degenerate
Bi,Te; with a hole density p = 1.6 x 10%° cm™ at the
same temperature. This was grown using the Bridg-
man-Stockbarger technique with no deviation from
stoichiometry. The carrier density for both semiconduc-
tors was determined from Hall measurements. The
semiconductor surfaces were prepared by cleavage in
air. They were not subjected to any additional treatment
(mechanical, chemical, or thermal). Heterojunctions
were fabricated by fitting onto an optical contact [11].
The thickness of GaSe substrateswas 1-1.5 mm, and the
thickness of bismuth chal cogenidewas 0.1-0.2 mm. The
area of the samples investigated was s = 0.3 cm?. Cur-
rent-carrying contacts both from the GaSe side and
from the Bi,Te; side were deposited by In aloying at
150-180°C and retained nonrectifying properties over
the entire range of current densities investigated. Het-
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erostructures thus formed possess clearly pronounced
rectifying propertiesin awide temperature range. For a
voltage of 1.5-2 V, the forward current exceeds the
reverse one by no less than afactor of 5 x 103. The for-
ward portion of the |-V characteristic corresponds to
the positive voltage applied to GaSe.

To determine the mechanisms of current flow across
the heterostructure, the forward and reverse |-V charac-
teristics were measured in the voltage range from —11
to +11 V at various fixed temperatures from 230 to
333 K. Three methods of measurements were used.

(i) Measurement by varying the voltage applied to
the structure with a certain step (a static |-V character-
istic). The rate of varying the voltage (both increasing
and decreasing) was varied in therange of 10-200 mV/s.
Variation in the rate caused no variationsin the shape of
the -V characteristic. The measurements were carried
out using an H.F-FRA-1255& 1286 amplitude—fre-
guency anayzer. The measuring complex was con-
trolled using a CorrWare-v.2.2 program.

(if) Measurement by specifying certain values of
bias voltage (by points). The values of the voltage and
the current were fixed during the third second after
applying a bias to the structure.

(i) The ac measurement at a frequency of 50 Hz.

A typica static I-V characterigtic of the p*-Bi,Te; -
GaSesdtructureat T=290K isshowninFig. 1 (curves 1,
2). Dependence 1 corresponds to varying the bias volt-
age applied to the structure from —11 to +11 V, and
dependence 2 corresponds to the reverse variation of
the voltage. As can be seen from Fig. 1, the |-V charac-
teristic includes a portion with a negative differential
conductivity (NDC). In the case of measuring the I-V
characteristic by points, the shape of the characteristic
remains qualitatively the same (Fig. 1, curve 3). How-
ever, starting from bias voltages V = 4.5V, a certain
delay in the current density from dependences 1 and 2
was observed. Measurements of the ac 1-V characteris-
tic (dynamic I1-V characteristic) showed no evidence of
an NDC portion. Only the variation in the position of
the forward portion from position 4 to position 5 (see
Fig. 1) with arelaxation time of 4—6 swas displayed by
an oscillograph. This observation indicatesthat the pro-
cesses governing the emergence of NDC in the
p*-Bi,Te;—p-GaSe structure are slow. In this case, the
forward portion of the |-V characteristic was in state 3
for 46 s, whereas it was in state 4 for a time interval
that was an order of magnitude shorter. Upon illumina-
tion of the heterojunction by light with a power of
100 mW/cm?, the emergence of an NDC portion was
also observed in the reverse portion of the 1-V charac-
teristic (seeinset in Fig. 1).

The investigations carried out demonstrated that
the electrical properties of isotype Bi,Te;—GaSe het-
erostructures are independent of whether the struc-
tures were fabricated within 5-6 min after cleavage of
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Fig. 1. Typical static (1, 2), dynamic (4, 5), and measured
by points (3) current-voltage characteristics of the
p*-Bi,Tes-GaSe isotype heterostructure at T = 290 K.

Reverse portions of the static current—voltage characteristic
of the structure in dark (6) and under illumination (7) are
shown in the inset. The majority carrier density for GaSe

wasp = 9.5 x 101 cm™ at room temperature.

contacting semiconductors or within 30 min. How-
ever, a dependence of electrical properties on the
impurity concentration in GaSe was found. Thus, for
the GaSe substrate with a majority carrier density p =
2.7 x 10'® cmr3, a shift of the onset of the NDC portion
to lower biasvoltages V = 3.5V was observed. Alterna-
tively, with decreasing carrier density in GaSe, the
NDC portion shifted to higher voltages. For example,
for p = 6 x 10'® cm3, the onset of NDC was fixed at
V = 8.5-9V. Another special feature of the heterostruc-
ture under investigation is that the diffusion potential,
which was determined from the C-V characteristic
(0.1 eV), diverges considerably with the current-cutoff
voltage of the |-V characteristic for relatively high volt-
ages (=1.2 eV). The current-cutoff voltage is used to
estimate the potential-barrier height [12]. The C-V
characteristics were measured according to the proce-
dure [13] using an H.F.-FRA-1255& 1286 anayzer
under the control of a ZPlot-v.1.5 program.

3. DISCUSSION

First of al, it should be noted that the investigation
of the temperature dependence of resistivity for GaSe
and Bi, Te; gives no grounds to relate the NDC portion
of the p*-Bi,Te;—p-GaSe heterostructure to the effect of
temperature on the conduction of one (or both) of the
contacting semiconductors. Making allowance for the
degeneracy of hole gas in Bi,Te;, the emergence of
NDC also cannot be explained by using atunnel diode
model. Even under equilibrium conditions, the valence
band of p-GaSeis located facing the levels alowed for
Bi,Te;.
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Fig. 2. Energy-band diagram of a p*-Bi,Tes—p-GaSe het-
erostructure under equilibrium conditions.
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Fig. 3. Energy-band diagram of a forward-biased
p*-Bi,Te;{p-GaSe heterostructure.

It isknown that Slow processes can be caused either
by asystem of charged particles, which possess ensem-
ble properties [14], or by the recharging of surface
states located in the oxide layer [15-17]. The former
assumption seems to be rather improbable. Even mak-
ing alowance for the injecting role of nonrectifying
contacts in a system consisting of a rear nonrectifying
contact In and p*-Bi, Te;p-GaSe, plasmaformation for
the forward bias is possible only in Bi,Te;. However,
the resistivity of Bi,O;is substantialy lower compared
with that of GaSe. Because of this circumstance, the
variation in the voltage applied to bismuth chalco-
genide will cause no noticeable variation in the voltage
across the heterostructure. The injection of minority
carriersthrough p*-Bi,Te; into GaSe is also impossible
due to the high potentia barrier for electrons, whichis
caused by the conduction-band offset AE, for contact-
ing semiconductors.

In spite of the fact that the GaSe surface is consid-
ered inert to atomic adsorption from the atmosphere
[5-7], it is our opinion that the latter assumption is
more redistic. The experimentally observed hysteresis
(Fig. 1, dependences 1, 2), which is characteristic of
certain types of insulator films [15], is also indicative
of the presence of an oxide layer at the interface
between contacting semiconductors. Indeed, it is
known that an ultrathin oxide layer exists at the inter-
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face in GaSe-based structures [18-20]. On the one
hand, the data [18, 19] refer to heterostructures fabri-
cated at temperatures which considerably exceed room
temperature (T = 400-450°C), where the growth of
native oxide is rather intense [21]. On the other hand,
Bakumenko et al. [20] reported on the influence of
keeping GaSe substrates in air on the work function of
this material. According to [20], even within several
minutes (the characteristic time is 5-6 min), the GaSe
surface is covered with a Ga,0; layer ~0.6-0.8 nm
thick. Then, oxide growth is substantially decelerated.
Within 96 h, its thickness increases by a factor of no
more than 1.5. It seems likely that this circumstance
explains the identity of electrical characteristics of het-
erojunctions which were fabricated within 56 and
30 min after cleavage of contacting semiconductors.

An energy-band diagram of the p*-Bi,Te;p-GaSe
heterostructure under equilibrium conditions is shown
in Fig. 2. Allowance is made for athin insulator layer
(the bandgap Ey for Ga,0; is 4.6 eV [22]) and deep-
level trapslocalized inthislayer. When constructing the
energy diagram, E,for GaSeand E for Bi,Te; were set
at 2.0[23] and 0.17 eV [24], respectively. The surface
bending of bands, which is equal to ¢, = 0.1 eV for
GaSe, as mentioned above, was determined from the
C-V characteristic. The position of the Fermi level for
GaSe was determined from the formula [25]

Ap = E-—E, = KTIn(Ny/p), (1)

where Ex and E, is the energy position of the Fermi
level and the valence-band top for the base semicon-
ductor, respectively; k is the Boltzmann constant; T is
the absolute temperature; p isthe equilibrium majority-
carrier density; Ny = 2(2rmkT/h?)3? is the effective
density of statesfor the valence band; and m, isthe effec-
tive hole mass. Setting m, = 1.34m, for GaSe [24], we
caculate Ap =0.215 eV at 300 K. The Fermi leve posi-
tion for Bi,Te; A’ was estimated from the formula [26]
3/2

p = 4T(2mokT/h%) ™ “Fy,[(E, — EL)/KT],

where Er and E,, arethe energy positions of the Fermi
level and the valence band top for Bi,Te;, respectively;

and F,, is the Fermi integral. As aresult, Ap' = Ef —
E, equalsAp' = (3-5) x 102 eV at room temperature.

As can be seen from Fig. 2, the bands are flat in
GaSe even at moderate forward biases V = (2-3)KT
(Fig. 3). Thus, the structure under investigation is sim-
ilar to a classical metal-insulator—-metal system with
the only difference in that the majority carriers are
holes rather than electrons in the case under consider-
ation. According to [15-17], charge transport in such a
system is controlled by the thermionic emission and is
described by the expression

| = lsexp(eV/KT —-1), 3
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where |g = A*T?exp(-W,/KT) is the saturation current,
A* = 4rmyk?e/h? is the effective Richardson constant,
and W, is the anode work function. In the case under
consideration, the W,, quantity in the formula for Ig
should be replaced by the work function for the semi-
conductor into which the mgjority carriers are injected
for the forward bias. This semiconductor is Bi,Te;, and
W, = X + Ey + AW, where x is the electron affinity of
the semiconductor. Charge transport in a metal—semi-
conductor—metal system can also proceed via tunnel-
ing. However, we do not consider this case, since tun-
neling implies that the current is independent of tem-
perature (or |g depends on T very weakly), which
contradicts the experimental data.

Thus, for a forward bias across the p*-Bi,Te;—p-
GaSe heterostructure, amajor part of the voltage drops
across the insulator layer. This is caused by a low
potential-barrier height for GaSe (0.1 eV) and, conse-
guently, low resistance of the space charge region
(SCR). Upon reaching a certain forward bias, the
valence band of GaSe descendsto the level of localized
statesin aninsulator (slow levels) (Fig. 3). Inthis case,
afraction of the holesfrom GaSetunnelsto these states.
The charge, which introduces holes into the insulator,
causes both the barrier height (solid lines with arrows
instead of dotted linesin Fig. 3) and, initsturn, the ther-
mionic current to increase. The states localized in the
insulator can also contributeto carrier transport through
the insulator, for example, via multistep tunneling.
However, these processes are slow and ineffective com-
pared with thermionic emission. Even the emergence of
certain positive charge feedback is possible: the larger
the number of holes tunneling into localized states in
the insulator, the higher the barrier. Because of thiscir-
cumstance, it is energetically favorable for an even
larger number of holesto tunnel into the insulator, and
so on. The further increase in the current with increas-
ing forward bias is caused by the fact that the valence
band of GaSe descends below the localized slow states
and the capture of charge carriers by traps becomes
impossible.

For a reverse bias, the SCR located in GaSe has a
higher resistivity than that of the insulator. Because of
this circumstance, the major part of the voltage applied
to the p*-Bi,Te;p-GaSe structure drops across the
SCR (Fig. 4). For the region of low reverse biases, the
dependence | = f(V) is sublinear, which is characteristic
of currents controlled by generation—recombination
processes in the SCR. For voltages [V| = 0.4-05V, a
slow increase in the current changes to a steeper super-
linear rise, which is most probably associated with car-
rier tunneling through the barrier in GaSe. Such an
assumption is quite plausible if we take into account
that the potential barrier in GaSe takes a parabolic
shape under the action of image forces. For a barrier
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Fig. 4. Energy-band diagram of a reverse-biased
p*-Bi,Tez-GaSe heterostructure.

with a parabolic shape, the tunnel current is described
by the expression [16]

- Aes./ZmnV((bo—eV)”ZNa

21805 2 (2e€000) ™

(4)
04/ 320
XeXpE)—L—l ME€;  Pg al

where € and g, are the digl ectric constants for the semi-
conductor and free space, respectively. According to
expression (4), the 1-V characteristic for carrier tunnel-
ing through the barrier should be astraight line in coor-
dinates

'n[V(q»o—leV)”} i f[(%—levr”}’

whichisin fact observed experimentally (Fig. 5, depen-
dence 1).

The situation changes for a heterostructure exposed
to light. Illumination affects the barrier located in GaSe
and leads to flattening of the bands in GaSe. The situa-
tion becomes similar to a forward-biased heterostruc-
ture, with the only difference in that the holes now
move in the reverse direction (from Bi,Te; into GaSe).
The larger part of the voltage applied to the structure
now drops across the insulator, and the overbarrier cur-
rent of the thermionic emission becomes the dominant
mechanism of charge transport through the insulator
(Fig. 4). The NDC occurs when the valence band of
Bi,Te; approaches the slow states localized in the insu-
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Fig. 5. Comparison of expression (4) with the experimental
voltage dependence of the reverse current for ap*-Bi,Teg—
p-GaSb heterostructure at room temperature (curve 1), and
forward portions of current—voltage characteristics at tem-
peratures T = (2) 238, (3) 263, (4) 293, and (5) 323 K.

lator. The current reaches saturation and then starts to
decrease with increasing applied potential owing to
positive feedback (Fig. 4). An increase in the current
with further increase in the reverse bias is associated
both with the descent of the Bi,Te; valence band below
slow states and with tunnel breakdown of the hetero-
structure.

It should also be noted that the charge transport
above the barrier formed by the insulator in the metal—
insulator—metal system implies that the insulator con-
ductivity isequal to zero and predeterminesthe value of
the ideality coefficient for the I-V characteristic n = 1.

nevp

As the applied voltage increased, the coefficient took
the value n = 2 over the entire temperature range under
investigation (Fig. 5, dependences 2-5). At the same
time, the -V characteristic of the structure for voltages
V = 3KT is described by the expression | [0 expV¥2
(Fig. 6, dependences 1-4). This is typical of both
Schottky emission [16],

| = A*TZeXp|: ¢B_A/i\-|{/4ngdi|,

©)
and Frenkel-type ionization [16],

Is Vexp[ 05 _’Vk?rwn&d},

(6)

where d is the insulator thickness, €; is the dielectric

constant of theinsulator, and ¢5 denotesthetrap depth
rather than the barrier height. The linearity of the /T

dependence of In(1/T?) (Fig. 6, dependence 5) suggests
that Schottky emission is favorable. This is also con-
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Fig. 6. Forward portions of current—voltage characteristics
for a p*-Bi,Teg;p-GaSe heterostructure as an Inl vs. V
plot at temperatures T = (1) 323, (2) 295, (3) 263, and (4)
238 K, and the temperature dependence of the In(I/T2)
quantity (curve5).

firmed by the fact that the barrier height for the semi-

conductor—insulator—semiconductor contact, which
was determined from the relationship [16]
Inl = In(A*T?) —0.43e¢ 5/KT, 7)

equalsPg=1.2€eV a T=295K. Thisisin good agree-
ment with the current cutoff voltage and explains the
difference between this quantity and the contact poten-
tial difference determined from the C-V characteristic.
However, the thickness of the insulator layer, which
was found from the relationship [15]

043 | €
tanf = KT A 4mde, ®)

(B is the slope of the |-V characteristic in the coordi-
nates Inl = f(V¥?)), equals =2 nm, which somewhat
exceeds the value expected (0.6-0.8 nm, according to
[20]). Such adiscrepancy can be explained by anumber
of reasons. First, when analyzing the experimenta
results, we made allowance for the presence of native
oxide at the GaSe surface only. However, a similar
oxide layer can also be formed at the Bi,Te; surface.
Allowance should also be made for the air gap between
two contacting semiconductors. In this case, formally
dividing the quantity obtained from relationship (8) by
three, we obtain good agreement with the results
reported by Bakumenko et al. [20]. Second, recent
investigations of native GaSe oxide [4] indicate that it
can also consist of GaO and Ga,O rather than Ga,0;
only. The dielectric constants for these oxides differ
from this quantity for Ga,O5. Allowance made for this
circumstance can affect the results obtained from for-
mula (8). Third, charge transport through the insulator
can also be controlled by currents limited by the space
charge rather than by the Schottky emission only. This
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is confirmed by the dependence of the current on the
forward voltage, which is close to quadratic.

4. CONCLUSIONS

Thus, the suggested model explainswell the reasons
for the emergence of negative differential conductivity
(NDC) in a forward-biased p*-Bi,Te;p-GaSe isotype
heterostructure and in areverse-biased structure, which
wereasoilluminated. In addition, it is possibleto make
the following conclusions.

(i) With the use of Dy-doped GaSe substrates, struc-
tures with series resistance typical of industrial Si
diodes can be fabricated.

(ii) For theinterpretation of experimental resultsand
the development GaSe-based semiconductor devices,
alowance should be made for the influence of theinter-
face.

(iii) The electrical properties of the forward-biased
heterojunction and of the reverse-biased heterojunction
under illumination are determined by the interface
properties and imply the existence of an ultrathin oxide
layer at the surface of contacting semiconductors.

(iv) Rectification in the system under investigation
isattained due to abarrier at the semiconductor—insula-
tor interface. This explains the distinction between the
contact potential difference for GaSe and the cutoff
voltage of the current—voltage characteristic.

(v) The principle mechanism determining charge
transport in aforward-biased p*-Bi, Te;p-GaSe hetero-
structure is the Schottky emission, which does not
exclude the simultaneous possibility of the flow of cur-
rents limited by the space charge.

(vi) The electrical properties of the structure under
investigation without illumination are determined by
the properties of the potential barrier located in GaSe.

(vii) The emergence of NDC in the p*-Bi,Te;—p-
GaP structureisassociated with the localization of deep
trapsin the insulator layer.
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Abstract—Photosensitive structures based on single crystals of the Znln,S, ternary compound were fabricated
and studied for thefirst time. The optoel ectronic properties of thiscompound and corresponding structureswere
analyzed using the results of measurements of the optical-absorption spectra of ZnIn,S, crystals, steady-state
current—voltage characteristics, and photosensitivity of the structuresat T = 300 K. It is concluded that surface-
barrier structures and heterojunctions based on Znln,S, can be used as wide-band photodetectors of natura
optical radiation. © 2003 MAIK “ Nauka/Interperiodica’ .

Effectsto make the atomic composition of diamond-
like materials more complex is one of the main lines of
development in modern semiconductor science and
technology; as a result of research in this field, the
range of semiconducting materialsiswidening and new
physical phenomena are being discovered [1, 2].

Numerous A'B,'Cl,’ ternary compounds belong to

promising multicomponent semiconductors; even early
studies of these compounds have shown that some of
them can be applied to optoel ectronics [3-6]. The con-
ventional methods for growing these materials make it
possible to obtain only crystals with n-type electrical
conductivity [3]. Therefore, in order to redlize the

potential of A'"B}'C,’ compounds in optoelectronics,

it is topical, at present, to develop the foundations for
the formation of efficient energy barriersin correspond-
ing structures. In this paper, we report data related to
the fabrication and investigation of photosensitive
structures based on homogeneous Znin,S, (ZIS) crys-
tals.

1. Photosensitive structures were fabricated using
ZIS single crystals grown by gas-transport reactions.
This method made it possible to obtain plane-parallel
plates with dimensions of =15 x 15 x 0.1 mm?; in trans-
mitted white light, these plates had a uniform light-
orange color. X-ray diffraction analysis of ZIS single
crystals has shown that the method employed makes it
possible to obtain crystals which belong to the R3m

point group with a (D34) symmetry and have unit-cell
parameters a,, = 3.8697 + 0.0006 A and ¢, = 37.0145 +

0.0057 A (ag = 12.539 A, o = 17°45) at T = 300 K.
These parameters are consistent with relevant pub-

lished data[3, 7]. The level of the structural quality of
the crystals obtained made it possible to radically
improve the accuracy in determining the parameters ay,
and ¢, in comparison with published data[7]. Undoped
ZIS crystals have “dark” resistivity p [010°-10° Q cm
at T=300K.

2. Studies of contact phenomena in ZIS crystas
with a fairly high resistivity have made it possible to
observe the phenomenon of rectification in surface-bar-
rier structures formed by the vacuum deposition of
semitransparent layers of pure In onto the freshly
cleaved surface of ZIS plates with average dimensions
of 10 x 10 x 0.1 mmq. In Fig. 1, we show a typical
steady-state current—voltage (1 —V) characteristic of one
of the In/ZIS structures at T = 300 K. A negative exter-
nal-bias voltage applied to the barrier contact corre-
sponded to the conducting state for all obtained struc-
tures. The forward portion of |-V characteristics in the
structures subjected to bias voltages U > 5V are typi-
cally described by the relation

_U-y,
RO L

wherethe cutoff voltage Uy, =5V and theresidual resis-

tance R, J10-10% Q at T = 300 K. The reverse current

of these structures without illumination is described by

the power law I, O U**, which can be related to an

imperfect periphery of the structures. When the struc-
tures are exposed to the integrated light of an incandes-
cent lamp (=100 W), the forward and reverse currents
increase by a factor of =10°, whereas the shape of the
|-V characteristics does not change much.
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The photovoltaic effect was observed for the first
timein In/ZIS surface-barrier structures; this effect was
typically dominant when the structures were illumi-
nated from the barrier-contact side. The photovoltage
sign was independent of both the incident-photon
energy and the location of an optical probe at the sur-
face of the structures. The photovoltage was invariably
positive at the substrate crystal, which is consistent
with the rectification direction in the In/ZIS structures
under consideration. When the barrier side of the struc-
tures was exposed to the radiation of a GaN light-emit-
ting diode (=10 mW), the phaotovoltage in the best
structures was as high as 20 mV and was much higher
than in the case of illumination with an incandescent
lamp of higher power. As can be seen from thetable, the
highest voltage photosensitivity for the structures under

consideration is S 010 V/W under illumination from

the barrier-contact side. Typical spectral dependences
of the relative quantum efficiency of photoconversionn
for several In/ZIS structures are shown in Fig. 2; the
parameters of one of the best structures are listed in the
table. If these structures are illuminated from the con-
tact-barrier side (Fig. 2, curves 1, 3, 4), photosensitivity
isobserved in awide spectral range, from 0.8 to 3.8 €V.
If the structures are illuminated from the side of the
crystalline substrate (d = 0.1-0.3mm; seeFig. 2, curve 2),
a sharp falloff is observed at short wavelengths (fiw >
2.5 €V) in the n spectrum and is related to a rapid
increase in the absorption of radiation in the crystalline
substrate; the location of this falloff on the photon-
energy scale is governed by the substrate thickness d.
As d increases, the short-wavelength falloff of n shifts
to longer wavelengths owing to an increase in the dis-
tance between the layer with photogenerated charge
carriers and the active region of the surface-barrier
structure. The long-wavelength portion of spectra
dependences (see Fig. 2, curves 1-4) is virtually inde-
pendent of the side from which the structure is illumi-
nated; this observation indicates that radiation is
absorbed in the bulk of the structure. The spectral
dependences are linearized in the coordinates (n7w)Y?
(Fig. 3); notably, two cutoff photon energies (¢, [10.8—
1.1eV and ¢, 01.5-1.8 eV) are observed, as a rule,

when the dependences (nAw)V2(Aw) are extropolated to
the abscissa. Observation of the Fowler law in the pho-
tosensitivity spectra of the surface-barrier In/Z1S struc-
tures under consideration isrelated to photoemission of
charge carriers from the metal into the semiconductor;
therefore, the cutoff energies ¢, and ¢, can beidentified
with potential-barrier heights. Apparently, the fact that
the values of ¢, and ¢, vary from structure to structure
within the af orementioned ranges may be caused by the
possible influence of the In/ZIS surface state and con-
ditions of the structures fabrication on the parameters
of the resulting barriers. At the same time, the presence
of two barriers differing in height may suggest that spe-
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Fig. 1. The steady-state current—voltage characteristic of an
In/Z1Ssurface-barrier structureat T = 300 K. Positive polar-
ity of external bias applied to the ZI S crystal correspondsto
the conducting state of the structure.

cial features of emission of photogenerated charge car-
riers are caused by the complex energy spectrum of the
crystals under consideration. As the photon energy
increases, the emission is controlled, at first, by the
lower level in the band gap of ZIS crystals and then by
the upper level.

The spectral dependences of the optical-absorption
coefficient a for ZIS crystals used for fabricating pho-
tosensitive structures are shown in Fig. 2 (curves 5, 6).
It can be seen that an exponential increasein a setsin
at hw > 2.5 eV, which is consistent with the energy
position of the short-wavel ength fall off in the spectra of
In/ZIS structures (Fig. 2, curves 2-4). This observation
makes it possible to unambiguoudly relate the falloff of
n athw>2.5eV toanincreasein the optical absorption
of ZIS crystals as a consegquence of the onset of inter-
band absorption.

The ZIS crystals are found to be similar to pseudo-
direct-gap A'"B'YC, compounds by the value of S

Photoelectric parameters of structures based on Znin,S,
crystals (T = 300 K)

Typeof the 1

gructure | 0T eV | Sev 5ev | g, Viw
In/ZIS 3.05-3.28 11 0.85 10
n-InSe/ZIS 23 20 0.50 1
p-GaSe/ZIS 24 10 0.43 50
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Fig. 2. Spectral dependences of (curves 1-4) the quantum
efficiency of photoconversion n in surface-barrier In/ZIS
structures and (the inset, curves 5, 6) the optical -absorption
coefficient a in ZIS crystals at T = 300 K. The structures
were illuminated from (curves 1, 3, 4) the barrier side and
(curve 2) the ZIS crystal side. Curves 1 and 2 correspond to
sample 5; curve 3, to sample 7; curve 4, to sample 8; and
curves 5 and 6, to sample 10. The plate thickness d = (1-4)
0.15, (5) 0.155, and (6) 0.045 mm. Curves 14 are shifted
along the vertical axis.

[8, 9]. Extrapolation of the portion of the sharp increase
in the spectrum of a for ZIS crystals makes it possible
to estimate the energy of band-to-band transitionsat E' [

2.6 eV. Thesimilarity of ZIScrystalstoA'B'VC}) com-

pounds also manifested itself in the spectral depen-
dences of n. This similarity consists in the fact that a
decrease in photosensitivity is observed in the spectra
of n inthevicinity of 2w 2.5 eV both for In/ZIS struc-
turesilluminated from the barrier-contact side and for a
Cu/ZnSiP, structure [10]; this decrease in photosensi-
tivity can berelated to theincreasing role of charge-car-
rier surface recombination at 2w > 2.5 eV (Fig. 2,
curves 3, 4). In some of the structures, an increase in
photosensitivity (with inflection in the region of E' and
a subsequent exponential increase in n) is observed
(Fig. 2, curve 1) instead of the short-wavelength fall off
of n; apparently, this anomalous behavior is indicative

VAIPOLIN et al.

of an increase in the energy-barrier strength, which, in
turn, ensures that surface recombination is suppressed.

An exponentia increase in the photosensitivity of
the structures at 7w > 2.7 eV and an inflection at Aw [J
2.88 eV (Fig. 2, curves 1, 2, 4) can be related to the
onset of band-to-band transitionsin ZIS. It isworth not-
ing that the photon energy 7w = 2.88 eV corresponding
to the inflection in the n spectra coincides with the ZIS
band gap E; determined from optical -absorption spec-
tra [3]. An increase in the photosensitivity of In/ZIS
structures at 7w > 2.88 eV with the subsequent forma-
tion of an absolute maximum at E, = 3.1 eV may be
indicative of a complex energy-band structure of ZIS,
which has not been adequately studied [11-13].

It should be specialy emphasized that the ratio
between photosensitivity at 2w [13.1 €V and photosen-
sitivity at 4w [12.5 eV for the investigated In/Z| S struc-
tures varies from 2 to 0.8, which can be caused by
changes in the concentrations and types of structural
defects. This circumstance suggests that the photosen-
sitivity spectra of In/ZIS structures can be used to ana-
lyze the growth conditions of ZIS crystals.

3. In addition to surface-barrier ZIS-based struc-
tures, we also explored the possibility of obtaining a
heterojunction in ZIS crystals. We used the method of
depositing semiconductors onto an optical contact [14].
This is related to the high structural quality of (0001)
planes, which can be easily obtained by splitting the
ZIS plates. We used InSe (n = 2 x 10 cm~®) and GaSe
(p = 3 x 10* cm®) crystals as the second components
for the heterojunction. These crystals can be easily split
owing to their layered structure; they then form mirror
planeswith anatural cleavage. Using asimple superpo-
sition of ZIS plates onto n-InSe and p-GaSe wafers, we
obtained heterojunction structures which can beillumi-
nated both from the wide-gap ZIS side and from the
side of the InSe and GaSe wafers.

Steady-state 1-V characteristics indicate that the
n-InSe/ZIS and p-GaSe heterojunctions reproducibly
exhibit amoderate rectification ratio (the ratio between
the forward and reverse currents at U = 20 V equals
about 2 to 4 for different heterojunctions); notably, the
conducting state in these heterojunctions corresponds
to a negative externa bias voltage applied to InSe in
n-InSe/Z1S structures and to a positive bias voltage
applied to GaSe in p-GaSe/ZiS structures. The photo-
sensitivity of these heterojunctions prevails when they
are illuminated from the ZIS side, whereas the sign of
the photovoltage isindependent of the side from which
the structure is illuminated and is coincident with the
direction of rectification. The residual resistance of
both heterojunctions is close to that measured in sur-
face-barrier structures.

The spectral dependences of the relative quantum
efficiency of photoconversion in typical heterojunc-
tions are shown in Fig. 4. Some parameters of typical
heterojunctions are listed in the table.
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(N7iw)"/2, arb. units

Fig. 3. Dependences of (n ﬁoo)ll2 on the photon energy #w
for In/ZIS structures at T = 300 K. Structures were illumi-
nated from the barrier side. Curve 1 correspondsto sample5;
curve 2, to sample 9; and curve 3, to sample 17.

The main specia features of spectra of n for newly
fabricated heterojunctions are the following. The pho-
tosensitivity of each of the heterojunctions is observed
in the spectral range which islimited on the long-wave-
length side by interband absorption in the narrow-gap
portion of the heterojunction. The long-wavelength
exponential falloff of n was used to determine the char-
acteristic slope S= d(Inn)/d(fw). Inflections in photo-
sensitivity spectra recorded with the heterojunction
being illuminated fromthe ZISside (Fig. 4, curves 1, 2)
and the short-wavelength faloff of n in the situation
wherethe heterojunction isilluminated from the side of
[1-V1 wafers (Fig. 4, curves 1', 2) correspond to inter-
band absorption in the InSe and GaSe crystals, respec-
tively [7]. The spectral range of photosensitivity for
heterojunctions narrows as the band gap of the I11-V1
crystal widens; however, the positions of photosensitiv-
ity maxima Aw™ in these heterojunctions are closely
spaced, since these positions are controlled by absorp-
tion in the same ZIS crystal. At the same time, certain
differences in the spectral position of the short-wave-
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Fig. 4. Spectral dependences of relative quantum efficiency
of photoconversion n in the (1, 1) n-InSe/ZIS and (2, 2)
p-GaSe/ZIS heterojunctions at T = 300 K. The structures
were illuminated from the (curves 1, 2) ZIS side, (curve 1Y)
InSe side, and (curve 2') GaSe side.

length cutoff are caused by variations in the thickness
of the ZIS plates used in the heterojunction. We draw
attention to the observation that the width of the photo-
sensitivity band at its half-height & isvirtually the same
for heterojunctions with different 111-VI components
(seetable). This circumstanceis caused by the fact that
the highest photosensitivity is observed in the region of
asteep increasein absorption in ZISin both heterojunc-
tions (Fig. 2, curves 5, 6). It is also noteworthy that the
contribution of optical absorption in the InSe narrow-
gap component of the InSe/ZIS heterojunction to the
photosensitivity (Fig. 4, curve 1) issmaller than that in
GaSe of the GaSe/ZI S heterojunction (Fig. 4, curve 2).
Thesedistinctions are caused by the higher doping level
of InSe compared to that of GaSe; as aresult, the active
region in the GaSe/ZI S heterojunction is largely shifted
to ZIS, in contrast to what occurs in the GaSe/ZIS het-
erojunction.

Thus, single crystals of the ZnIn,S, ternary com-
pound can be employed in the development of photo-
sensitive structures designed to operate in the spectral
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range of 1-3.5 eV. Theresults of studying the photosen-
sitivity spectra of corresponding surface-barrier struc-
tures and heterojunctions can be used in monitoring the
quality of ZIS single crystals.
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Abstract—The mechanism of charge transport in Fe—p-1nP diode structures and its dependences on illumina
tion and magnetic field wereinvestigated. It isshown that adoubleinjection in adrift approximation into ahigh-
resistivity T-layer is the main mechanism of charge transport. Phenomena of the suppression of aforward cur-
rent with light (negative photoresponse) and a sharp increase in the differential resistance in a magnetic field
are observed and discussed. © 2003 MAIK “ Nauka/Interperiodica” .

It is known that doping of n-InP with Feisthe main
method for obtaining semi-insulating crystals which
are widely used in fabricating transistor structures,
lasers, photodiodes, and photodetectors. Numerous
investigations of the electrical and photoelectric char-
acteristics of bulk InP:Fe crystals were carried out, and
semi-insulating layers obtained by Fe implantation
were investigated [1].

Due to investigations of Au-n-InP:Fe diode struc-
tures, the process of enhancement of the photocurrent,
which is associated with the formation of a static
domain, is revealed [2]. However, in the course of
investigations of diode structures formed by a metal
and InP, the structure with an Fe barrier contact was not
investigated. In this paper, certain results of the investi-
gation of the electrical and photoel ectric characteristics
of the Fe—p-InP structure are reported.

The samples were fabricated using Fe deposition by
thermal evaporation. For the fabrication of the struc-
tures, Czochralski-grown bulk p-InP crystals with a
hole concentration p, = 3 x 10'® cm=3 were used. It
turned out that the Fe deposition on the n-InP crystals
did not giverise to abarrier contact. Armco iron with a
purity no lower than 99.9 % (attained by purification by
melting in an electromagnetic field) was used as the
starting Fe material. The substrate temperature was
=200-230°C. Deposition was carried out in vacuum at
no lower than (3-5) x 107 Torr. The Fe layer thickness
was =0.1 pm. Nonrectifying contacts were formed by
deposition of the Ag/Zn alloy.

The current—voltage (1-V) characteristics and the
influence of illumination and a magnetic field on them
were investigated.

Figure 1 showsthe |-V characteristics (forward por-
tion) which were recorded for a typica sample of the
Fe—p-InP diode structure at T =300 and 100 K. A char-
acteristic feature of the curves, which are plotted on a
log- og scale, isthe existence of two parts. For low bias
voltages (curve 1, T = 300 K), an aimost ohmic depen-
dence with a certain spread from sample to sample is

observed. For higher bias voltages, a power-law depen-
dence with the exponent n = 3.3-3.4 is observed, i.e,,

| = a,V+aV'. (1)

A decrease in temperature changes the character of
the dependence. For the first portion, | 0 V21, whereas
for the second portion, | O V5°5, Such a dependence
may indicate that the mechanism of double injection in
the drift approximation is predominate [3, 4]. According
to the theory, the ohmic portion in the | = f(V) curve
should be succeeded by the following portion in the
semiconductor mode (for the p-active region):

2

Vv
J=qwnup(p0—no)§- (2

The insulator mode is characterized by the current
3

V
I = ATl 3)

1 1
0.02 0.04 0.1

1
02 04081 2
V.,V

Fig. 1. Current-voltage characteristics (forward portions)
of the Fe—4-InP structure at temperatures T = (1) 300 and
(2) 100K.
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Fig. 2. Temperature dependence of the forward current for
the Fe—p-InP structure.

1
0O 02 04 06 08 1.0
V.,V

Fig. 3. Suppression of theforward current (I4—1,) asafunc-
tion of the bias. Temperature T = (1) 300 and (2) 100 K.

In expressions (2) and (3), p, and n, are the equilib-
rium carrier concentrations, q isthe elementary charge,
d isthe thickness of the active (high-resistivity) region,
and the other symbolstake their conventional meanings.
Consequently, the above-mentioned active region, which
was formed in the course of Fe deposition, should exist
in the Fe—p-InP diode structure—the so-called Telayer.
The formation of this layer can be a consequence of
certain factors. It seems likely that Fe ions diffuse into
the bulk upon heating and act as a compensating impu-
rity. Further, the ability of Zn atomsto interact with the
defects in the InP lattice with the formation of active
centers, including compensating ones, could play a
noticeablerole[5]. It ispossiblethat certain typesof the
Fe—Zn complex are formed in this case.

It should be noted that large n values, which exceed 2
and 3 in expressions (2) and (3), respectively, are asso-
ciated with the increasing role of the diffusion compo-
nent from injecting contacts [4, 6]. In the case under con-
Sideration, this phenomenon occurs a the Fe-Tr-layer
interface and at the Telayer—p-InP interface. As the

SLOBODCHIKOV et al.

applied voltage increases, the boundaries of diffusion
regions shift closer to each other, thus decreasing the
effective thickness of the drift region dy = d — dyp —
dgiro- Thisaffectsthe analytical form of dependences (2)
and (3), in which d should now be substituted for d,

whereasthe exponentsincreaseton>2andton>3.1In

2/[1-m(L,/d
this case, in the semiconductor mode, | O V [L=m(L/l

where mis about 2 or 3, and the ambipolar dlffuson
length [3] is given by

172

L= [F )] @

For further estimations of the charge transport
mechanism and characteristics of the layer, the tem-
perature dependence of the forward current for a fixed
biasVV=0.8V intherange of 100-300 K was measured.
This corresponded to the second portion of the 1-V
characteristic with the values n > 3. The temperature
dependence of current is shown in Fig. 2, and the acti-
vation energy AE = 0.24 €V is determined from the
exponential-law portion. From a comparison of depen-
dences (2) and (3), temperature variation of the equilib-
rium concentration p, in the semiconductor mode
should be expected. We may assume that the variation
in mobilities |, and L, in the temperature range inves-
tigated isslight. Asfor variationint, it isalso moderate
(by a factor of 2-3). This was demonstrated by mea-
surements of the photocurrent dependence for the
reverse bias, which is determined mainly by the life-
time t,. Thus, the activation energy of 0.24 eV deter-
mines the position of a degp compensated-impurity
level. In this case, asit is known,

[RTMGKT? | 0 AR
=27 0 P ®)

Thus, at T =130 K and m, = 0.4m,, we have p, =
108 cm=3. From formula (4), the estimation of L,/d
yields=0.14-0.20. Thisratio of the ambipolar diffusion
length to the telayer thickness is moderate. This is
indicative of a large contribution of diffusion compo-
nents of the current to the overall charge-transport
mechanism. From the ohmic portionat T =130 K, we
find the resistance R = 1.6 x 10° Q. In this case, d =
0.5 pm and, consequently, L, = 0.07-0.10 um; i.e, the
lifetime T is assumed to be in the range of 10°-10 s,
An increase in n with decreasing temperature corre-
sponds to theoretical conclusions, implying an
increased contribution of the diffusion component to
the total current.

The effect of suppression of the direct current by
white or monochromatic light should be attributed to
the special features of the mechanism of charge trans-
port in the Fe—p-InP diode structure. Curves which
illustrate the difference between the forward dark cur-
rent without illumination by whitelight | ;and with illu-
mination |, depending on the bias are shown in Fig. 3.
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Fig. 4. Spectral dependence of suppression of thedirect cur-
rent.

The curves were recorded at T = 100 and 300 K. The
negative photosensitivity encompasses a wide bias
range at room temperature. The sign of |1, changesto
positivefor V, = 0.4V, whereasV, = 0.2V a T = 100 K.
The dependence of the effect of suppression on the
spectrum of light is given in Fig. 4. This curve repro-
duces the spectral curve of conventional photosensitiv-
ity, and the magnitude of half-decay 1/2I, yieldsavalue
of 1.35eV, i.e., E; for InP. With respect to these specific
features, we may assume that the effect of suppression
of the direct current of the structure is associated with
the compensation of the intrinsic photocurrent with the
opposite sign. This current is generated by the Schottky
barrier at the interface formed by Fe and the tlayer of
InP. The larger the generation of minority carriers, i.e.,
electrons into the 11 region, and the larger the rate of
recombination with dark holes, the stronger the effect
of suppression. This explains the spectral curve of sup-
pression (Fig. 4). The open-circuit voltage of the photo-
diode Schottky structure can be represented as[7]

Vo = nkT[In—‘ls—C—z 0oy x5 ®

A*T kT
where n isthe nonideality coefficient; Jy. isthe density
of the short-circuit current; A* isthe effective Richard-
son constant; ¢ is the Schottky barrier height; C is a
constant; and x and & are the barrier height and the
thickness of the possible transition (oxide) layer,
respectively.

The calculated value A* for p-InP with m, = 0.4m,
isequal to =50 A/cm? K2, We believed that there are no
additional transition layers between Fe and the Tt layer.
In this context, assuming that n = 1 and ignoring the
third term in formula (6), let us estimate ¢5. For mea-
sured values V,, = 1.4 x 10°V and J, =5 x 10° A, we
obtain ¢z = 0.36 €V for monochromatic light A =0.90 um
and T = 300 K. Thisvaueiscloseto V, (Fig. 3). In its
essence, this is a method for estimating the Schottky
barrier height from the effect of suppression of the for-
ward current by light. For V >V, the Schottky barrier
flattens.
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Fig. 5. Temperature dependence of suppression of thedirect
current.

With a further increase in the bias (under constant
illumination), the double injection of dark carriers
changes to the double injection of photogenerated car-
riers. The analytically positive photosensitivity isgiven
by Al =1, —14 0 V2 and isto alarge extent determined
only by the generation and recombination in the
Ttlayer.

The temperature dependence of suppression of the
current is shown in Fig. 5. The effect is most clearly
pronounced at T = 140 K and noticeably weakens near
room temperature. This dependence is mainly caused
by atemperature-related shift of the Fermi level or the
quasi-Fermi level for nonequilibrium electrons and
holes. In this context, the dependenceis caused by vari-
ations in the activity of main recombination centers in
the processes of trapping and recombination of charge
carriers.

Note that the existence of the mechanism of double
injection into the high-resistivity compensated layer is
an attribute of the structures with the suppression of the
current by light. This follows from our results, as well
as from the data for a p-Si-n*-ZnO-n-ZnO—Pd struc-
ture[g].

A specific feature of a diode structure is the use of
ferromagnetic Fe asthe barrier metal. In this context, it
was of interest to examine the influence of a magnetic
field on the charge transport of dark and photogener-
ated carriers. No variations in the forward or reverse
currentsin fields of 1-20 kOe were found for either the
magnetic field parallel to the plane of the S(H || 9
structure or for the (H O 9 orientation. However, the
variations in the photovoltage and photocurrent for the
H || S configuration exhibited characteristic features
(Fig. 6). The photocurrent for the short-circuit mode
decreases with increasing magnetic field, with a mini-
mum at H, = 1.4 x 10* Oe. In contrast, the photovoltage

increases and AV, = V5, — V7, ishighest at approx-
imately the same V.
It is known that for low photovoltages

Vph: Ithda (7)
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Fig. 6. Magnetic field dependence of (1) photovoltage and
(2) photocurrent for the Fe—p-InP structures.

where R, is the differential resistance for zero bias.
Thus, anincreasein V,, is caused by an extremely sharp
rise in the differential resistance. Therefore, Ry, which
was recalculated for A, = 0.76 um at an identical
width of the monochromator dlit, increases from 40 Q
(H=2.8x10%0e) to 250 Q (H), i.e., by more than a
factor of 6. For the structure investigated, the differen-
tial resistance should be determined by the generation—
recombination component of the current, so that

R, [ :]—0 ©)

From thisit follows that variation in the lifetime 1,
i.e., the variation in the mechanism and rate of recom-
bination for nonequilibrium charge carriers, governs
variation in Ry. In this context, we may conclude that
the magnetic field exerts a certain effect on recombina-
tion. A sharp variation in the magnetoresistance of
Si-based Schottky diodes was revedled [9]. This phe-
nomenon was explained by the intersection of levels,
which include magnetic sublevels of the triplet state of

SLOBODCHIKOV et al.

a recombination center. This phenomenon affects the
recombination rate.

Under our experimental conditions, this effect
seems insignificant. Because of this circumstance, vari-
ation in the recombination rate should be explained by
a nonuniform distribution of recombination centers at
the heterostructure surface. More detailed elucidation
of the mechanism of achangein R, in amagnetic field
cals for further investigation with the use of more
sophisticated experimental procedures.
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Abstract—On the basis of acomplex investigation of the electrical and photoelectrical propertiesand the noise
characteristics of heterostructures formed of p-InSe and native oxide, the dynamics of barrier formation isfol-
lowed as afunction of the temperature and time modes of oxidation. Itisfound that barrier formation occursin
structures oxidized for =30 min at T = 400°C. With an increase in the oxidation time to 60 min, the barrier is
generaly formed. The oxide film is a bilayer with different chemical compositions at the surface and at the
interface. The largest signal-to-noise ratios are obtained in the case of 1.5-h oxidation of the base material (T =
400°C) mainly because of alow dark current. Low dark currents are attained in such structures due to the devel -
opment of arather homogeneous high-resistance interlayer. When p-InSe is oxidized for longer than 100 min,
the oxide becomes homogeneous. However, the type of conduction in the base semiconductor changesin this
case, which leadsto a decreasein the barrier height and to an increase in the dark current. Dueto this, the pho-
toelectrical parameters degrade. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Indium monoselenide (InSe) belongs to a wide-
spread class of layered 111-V compounds. Substrates
with atomically smooth surfaces and a small number of
dangling bonds which call for no special treatment can
be prepared from this compound by cleavage in air.
Thisfact is stimulating the development and investiga
tion of photosensitive InSe-based diode structures of
varioustypes (Schottky barriers, metal—insulator—semi-
conductor structures, semiconductor—insul ator—semi-
conductor structures, and heterojunctions). The lattice
mismatch of contacting materials is not as substantial
for structures based on layered semiconductors com-
pared with conventional semiconductors [1]. Due to
this circumstance, the results of investigations of new
heterojunctions including both semiconductors, e.g.,
AgInsSs [2], and unconventional materialsin the device
industry, e.g., protein [3], systematically appear in the
literature.

It is known that one of the methods for the fabrica-
tion of heterostructures is the thermal treatment of the
starting material. A number of studiesare devoted to the
investigation of InSe oxidation and the properties of
thus-fabricated heterostructures [4-16]. All of these
reports can be arbitrarily divided into three groups.
Studies of thefirst group (with an exclusively materials
science orientation) are devoted to the investigation of
the chemica composition of the native oxide, which is
formed at the InSe surface under various temperature—

time modes of oxidation [4, 5, 7, 8, 12-14, 16]. Inthese
studies, X-ray measurements, Raman spectroscopy,
and other measuring methods were used.

The studies of the second group (with a more
applied character) are devoted to the investigation of
the electrical properties of the oxide{p-InSe hetero-
structure [6, 9, 11, 15]. The third group includes inves-
tigations of the photoelectrical properties of the above
structure [9-11, 15]. The contents of these studieswere
restricted to the spectra of the relative quantum effi-
ciency of photoconversion, which were used to either
confirm or disprove certain conclusions made in the
studies of the first or second group. Despite a large
number of reports on this subject, the data on the oxide
composition are rather contradictory. In addition, inves-
tigation of the electrical properties of oxide—-1nSe het-
erostructuresis based mainly on analysis of theforward
portions of the photoelectrical modifications of cur-
rent—voltage (I-V) characteristics, i.e., the dependences
of the short-circuit current |, on the open-circuit volt-
age V... Inisolation from other investigative techniques,
this circumstance may lead to an incomplete under-
standing of the processes that occur in such structures.

We report results of a complex investigation of the
changes in the electrical and photoelectrical properties
of a heterostructure consisting of p-InSe and native
oxide depending on the duration of the thermal treat-
ment of the base semiconductor. The purpose of this
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Electrical and photoelectrical properties of the structure formed by p-InSe and native oxide

Oxidation timet, min 15 30 60 90 120
Ve V upon illumination with power density 05 0.32-0.35 0.22 0.18 0.1
P = 100 mW/cm?
Diffusion potentia ¢, determined from Measurements | Measurements 0.7 0.7 0.25
the dependence C = f(V), eV are hampered | are hampered
Dependence of C = f(V) on frequency Virtually Virtually No No Yes

absent absent

Excess of the forward current over By afactor By afactor 10 100 10
thereverse current at [V| = 1-1.5V of 1.5-2 of ~2
The forward direction in the structure InSe InSe InSe InSe Oxide
corresponds to “+” applied to the material

study was to optimize the main photoel ectrical param-
etersfor further practical application.

2. EXPERIMENTAL

Cadmium-doped p-InSe was grown using the tech-
nique of nonstoichiometric growth of InSe [17]. The
single crystals were electrically homogeneous with a
free-carrier density of p = 10* cm= and aHall mobility
of ~50cm?V-s?tat T=300K. The 0.5-mm-thick sub-
strates were cleaved from an ingot along the (001)
plane and oxidized at T = 400°C for 15, 30, 60, 90, and
120 min. According to [13], heterostructures oxidized
in the temperature range T = 350-450°C have the high-
est photosensitivity. In addition, the highest-quality
In,O3 : Sn (ITO) films, which are used in industry, are
formed at T = 400-420°C [18]. At the same time,
according to [19], heating p-InSe in air to T > 520°C
changes the type of conduction of this semiconductor.
In this case, if the oxide film consists mainly of 1n,0,,
the structures formed of n-oxide and n-InSe are nonrec-
tifying. After thermal treatment, the samples were
cooled to room temperature, cut off along the perime-
ter, and cleaved again from the side opposite to that
with the oxide. Silver was used to form ohmic contacts.

We measured the forward and reverse |-V character-
istics, their temperature dependences, the photoelectric
modification of the forward portion of the I-V charac-
teristic at room temperature, the capacitance-voltage
(C-V) characteristics, the frequency dependence of the
impedance in the frequency range of 10°-2 x 10’ Hz,
and the spectrum of the relative quantum efficiency
upon illumination of the structures from the oxide side
at room temperature. In order to analyze the barrier for-
mation in more detail, the level and character of the
noise and the signal-to-noise ratios (V4V,) were inves-
tigated. The photoelectrical properties were measured
using aK-54.410 serial system.

3. RESULTS AND DISCUSSION

The structures obtained using the above-described
temperature and time modes exhibit rectifying proper-
ties (seetable).

Upon illumination of the studied structures formed
of p-InSe and native oxide, the photovoltaic effect
occurs, which is stronger when the oxide sideisillumi-
nated. As can be seen from theresultslisted in thetable,
the open-circuit voltage V,., under identical illumina-
tion conditions, decreaseswith anincreasein the oxida-
tion time. The highest values of V,. are attained for the
p-1nSe substrates oxidized for 15 and 30 min (the dark
-V characteristics of the structures obtained using
these oxidation modes are almost identical). In this
case, the dark |-V characteristics of such structures
(Fig. 1, dependences 1, 2) are linear in the coordinates
logJd =f(logV ) with adight deviation (J O V*12) of
the forward portion from linearity. It should be noted
that the forward characteristic of such structures mea-
sured by the photoelectric technique (Fig. 1, curves 5,
6), i.e, the forward portion of the dependence J. =
f(Voe) (J IS the short-circuit current density), isin fact
similar to the forward |-V characteristics reported in
[11]. This forward portion can be described by the
expression Jg. O exp(eV,/nkT), wheren at T = 288 K
varied from sample to sample in the range of 1.6-1.8
and 1.8-2.2 for the structures oxidized for 15 and 30 min,
respectively. However, a steady increase in V., with an
increase in the illumination time was observed during
the measurements, which is characteristic of the photo-
conductivity of films with various times of trap charg-
ing, which have not yet formed [20]. Because of this, in
order to obtain dependences 5 and 6 (Fig. 1), we mea-
sured the values of Ji and V,. after a specified time
interval after exposing the samplesto light. Most likely,
the high values of V,, for such structures may be attrib-
uted to the emergence and summation of barrier-layer
photovoltages generated by barriers connected in series
in the filmsthat have not yet formed. The emergence of
barriers is due to the existence of crystalline grains,
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Fig. 1. (1, 3, 4) Forward and (2) reverse portions of the current—voltage characteristics of the structure consisting of p-InSe and the
native oxide and the photoel ectrical modification of the forward portions logJg, =f(V,) (curves5, 6) at T = 288 K. The oxidation
timet = (5) 15, (1, 2, 6) 30, (3) 60, and (4) 120 min. The temperature dependence of the forward-current density Jy at a constant
voltage of 0.1V for the structure obtained by oxidation of the substrate for 60 min isin the inset.

block boundaries, etc., in such films, asis observed in
polycrystalline films of PbS, CdTe, Ge, etc. [20]. The
measurements of the C-V characteristics of the struc-
tures obtained by oxidation for 15 and 30 min, which
were aimed at determining the contact potential differ-
ence ¢, were hindered for the following reasons. There
was a significant spread of the capacitance, depending
on the applied reverse bias, and no distinct fall-off of
the C?(V) dependences was observed. In this case,
within the spread of values, we can regard the capaci-
tance of such structures as frequency-independent. One
of the major causes of such behavior of the C-V char-
acteristics is the absence of aformed barrier, which is
confirmed by the character and level of noise (Fig. 2,
dependence 1). According to [21-23], alow noise sig-
nal V,, under forward and reverse biasesis characteristic
of the structures with weakly devel oped fluctuations of
the potential profile. Such fluctuations exert almost no
effect on the carrier distribution over the sample bulk.
Theintrinsic noise of such layersis governed by gener-
ation—recombination noise, which is caused by fluctua-
tions in the generation, recombination, and attachment
of carriersin the bulk and at the surface of crystallites.
The photoel ectric modification of the forward portions
of the I-V characteristics of such structures represents
a complex process of summation of the photovoltages
developed by barriers connected in series in the oxide
filmsthat have not been completely formed. A decrease
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in 'V, in the case of oxidation for 30 minis, most likely,
related to the coarsening of grains, to adecreasein their
number in the oxide, and, as a consequence, to a
decrease in the number of barriers between crystallites.
The spectral dependence of the relative quantum effi-

S, arb. units
1.0

0.81

0.6

0.4

0.2

Fig. 2. The noise spectral density Sas afunction of the bias
for the structures obtained by oxidation for t = (1) 30, (2) 60,
(3) 90, and (4) 120 min. The “+" terminal of the external
current source is applied to InSe. The measurements were
carried out at frequencies as high as 1200 Hz; Af = 160 Hz.



1 1 1 1 1 1 1 1 1 ]
1.0 1.2 14 1.6 1.8 2.0 22 24 2.6 2.8
hv, eV

Fig. 3. Spectral dependence of the relative quantum effi-
ciency of photoconversion n(hv) for the structures consist-
ing of p-InSe and the native oxide obtained by oxidation of
the base semiconductor for t = (1) 15 and 30, (2) 60, (3) 90,
and (4) 120 min, and for p-InSe that was not subjected to
any thermal treatment (dependence 5).

ciency of photoconversion r(hv)(PS) was obtained for
such structures astheratio of the short-circuit current to
the number of incident photons (Fig. 3, dependence 1).
This dependence differs from a similar dependence for
InSe that was not subjected to thermal treatment
(Fig. 3, dependence 5) by the absence of an exciton
peak and by the noticeable falloff of the sensitivity in
the short-wavelength region. This fact is indicative of
the deterioration of the base-semiconductor surface due
to the onset of formation of the oxide layer and to an
increase in the surface-recombination rate at the face
surface of the cell. Furthermore, the emergence of a
weak peak at hv = 1.95 eV (this value is close to the
bandgap of y-1n,Se; (E, = 2.0 €V)) is noted [24].

During further oxidation of p-InSe, the situation
changes radically. As can be seen from the table, the
forward current begins to substantially exceed the
reversecurrent at |V| = 1-1.5V. The C-V characteristics
of such structures are independent of frequency and are
linear in the coordinates C2 = f(V), whichisindicative
of the formation of a heterostructure with an abrupt
junction. In this case, the contact potential difference
¢o, Which is determined from the C-V characteristic,
equals 0.7 eV for the samples oxidized for 60 and
90 min. Barrier formation in the oxide—p-InSe structure
is also confirmed by the noise characteristics (Fig. 2,
dependences 2, 3). In this case, additional sources of
current noise appear [21-23]. Notably, the forward por-
tions of the |-V characteristics of the structures
obtained by oxidation for 60 and 90 min are amost
identical (Fig. 1, dependence 3). These portions consist
of three parts: (i) J O V?, (ii) J O V3, and (iii) J O V2
Such dependence of the current on the applied voltage
is characteristic of space-charge-limited currents; this
implies the presence of a high-resistance interlayer at
the interface. The possibility that a layer with other
electrical characteristics exists at the interface in the
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native oxide is quite reasonable; the film formed at the
InSe surface in the initial stage of oxidation blocks the
access of air to the crystal bulk. Data on layerswith dif-
ferent chemical compositions of the film are absent in
[4,5, 7, 8, 12-14, 16]. This suggests that the methods
used in these studies make it possible to determine the
chemical composition of the oxide mainly at the sur-
face. The absence of kinks in the dependence C2 =
f(V) indicates that the structure consisting of native
oxide and p-InSe can be regarded as a semiconductor—
insulator—semiconductor structure when the oxidation
times are equal to 60 and 90 min. According to the
Lambert theory for insulators with a single trap level
[25], the voltage at which the J O V2 part of the I-V
characteristic transforms into the J 0 V2 part is deter-
mined by the expression

V, = eN,d’/2¢¢, (1)

where e isthe elementary charge, N, is the trap density,
d is the thickness of the high-resistance layer, €, is the
permittivity of free space, and € is the relative permit-
tivity of the high-resistance layer. The evaluation of the
d quantity, performed by measuring the capacitance at
azero bias, yields a value of ~2 um. Unfortunately, as
was hoted above, data on the transition layer are absent
in the literature and we can only make assumptions
about the nature of this layer. According to [13], the
oxide film obtained at 400°C < T < 500°C consists of
In,O5 with inclusions of Iny(SeO,); and In,Se; [16].
Because of this circumstance, it is reasonable to sug-
gest that the phases formed with alack of oxygen, i.e.,
preferentialy 1n,Se;, are dominant in the bulk of the
oxide film. Let us assume the layer permittivity to be
equal to € = 9.53 (the permittivity of In,Se; [24]) and
determine the value of V, from dependence 3 (Fig. 1)
(V.=0.75V). Thus, we can evaluate the trap density in
the high-resistance layer from formula (1): N, = 2.5 x

10 cm3 for the structures oxidized for 60 min. The
dependence of the current density on the voltage within
the J O V? part is determined by the Mott formula[20]:

9 V°N,

3= Jues, =u @

0 Eq
N, POk

where | is the hole mobility in the high-resistance
layer, N, isthe effective density of statesin the valence
band, and E; is the energy position of the trap level
reckoned from the bottom of the valence band of the
high-resistance layer. Because of this, the current
should depend exponentially on the quantity EJ/KT at a
constant bias, which has been observed experimentally
(seeinset in Fig. 1). The value of Eg = 0.25 eV, which
was determined from the slope of this dependence, isin
good agreement with the activation energy of the
acceptor level in the band gap of InSe [26]. This may
indicate that InSe is present in the transition layer. Let
us assume that the increase in the oxidation time to

SEMICONDUCTORS  Vol. 37

No. 2 2003



BARRIER FORMATION IN A HETEROSTRUCTURE FORMED OF NATIVE OXIDE

90 min does not affect the composition of the transition
layer. Having evaluated the thickness of this layer
(which decreased by afactor of ~1.5), we can conclude
from the capacitance measurements at a zero bias and
the voltage V, = 0.4V that the trap density decreases by
a factor of amost 1.5 (for this oxidation mode, N, =

1.8 x 10* cm®). Thus, the structure of the transition
layer becomes more homogeneous and, as a conse-
guence, the rectifying properties of the heterostructure
are improved (see table). The inhomogeneity of both
the face and transition layersin the structures obtained
by oxidation of the base semiconductor for 60 min is
also clearly seen from the spectral dependence of the
relative quantum efficiency of photoconversion (Fig. 3,
dependence 2). The peaks at 1.55 and 1.95 eV may be
attributed to the formation of 3 and y polymorphs of
In,Se; [24] in the transition layer. Apparently, the
appearance of the most intense peak with a sharp short-
wavelength edge should be attributed to the formation
of indium selenate Iny(Se0,); (E; = 2.15 eV [8]). Most
likely, this compound is the dominant component of the
upper layer of the oxide. With an increase in the oxida-
tion time to 90 min, the inhomogeneity of the native
oxide decreases. This manifests itself in that the peak
related to (3-1n,Se; vanishes, and the peaks with ener-
giesof 1.95and 2.21 eV have similar amplitudes (Fig. 3,
dependence 3).

The forward portion of the |-V characteristic of the
structures obtained by oxidation for 120 min also con-
sists of three parts (Fig. 4, dependence 4). The middle
and last parts are qualitatively similar to the relevant
parts of the forward characteristic of the structures
obtained by oxidation for 60 (curve 3) and 90 min. At
low forward voltages, the dependence J O V, which is
usualy attributed to leakage currents [27], manifests
itself in curve 4 (Fig. 1) instead of the quadratic depen-
dence in the case of curve 3. This change in the behav-
ior of the forward portions of the |-V characteristics
may be caused by micropores appearing at the oxide
surface due to the effect of temperature during the
120-min oxidation. Characteristic features of such
structures, in comparison with the structures oxidized
for 60 and 90 min (see table), are both a change in the
conditions in which the forward current flows and a
decrease in the diffusion potential ¢, by a factor of
amost 3. Furthermore, we found that the dependence
of the capacitance on voltage C = (V) becomes fre-
guency-dependent, which is characteristic of the over-
whelming majority of structures fabricated on the basis
of layered semiconductors. This frequency dependence
is due to the effect of the high series resistance. These
circumstances are indicative of a changein the conduc-
tion type of the base material, whereas the chemical
composition of the layer remains relatively constant.
This is aso confirmed by the values of the noise level
measured at forward and reverse biases (Fig. 2, depen-
dence 4). Taking into account that the oxidation of InSe
is a temperature-time process, the change in the con-
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Fig. 4. The equivalent schemes of the oxide—p-InSe struc-
turesformed by oxidation of substrates (a) for 120 min; and
(b) for 60 and 90 min, with allowance made for the thin
high-resistance interlayer.

duction type of the substrate agrees with the data
reported in [19, 26]. In this case, for the substrate oxi-
dized for 120 min, the ¢, quantity was determined
according to the procedure described in [28]. In this
procedure, the cutoff voltages Vy(w) related to the
dependences C2(V) are approximated to zero fre-
guency at various frequencies w. In this case, an equiv-
alent scheme of the heterostructure is usually presented
as shown in Fig. 4a. In this scheme, R, is the series
resistance of the sample, C, is the capacitance of the
diode under investigation, and Ry is the diode resis-
tance. In the course of the experiment, the fixed value
of the capacitance C,, expressed through the parameters
of the equivalent scheme is determined by the equation

Cq
27 e (3)

Cn =
(1+R/Ry) + W R,Cy

Theviolation of the condition R2w?C; < 1leadstothe
frequency dependence of the capacitance-voltage
dependence. According to [29], in the case of diode
structures fabricated by oxidation of the substrate for
60 and 90 min, we should use a more detailed equiva-
lent scheme which makes allowance for the base capac-
itance C, (Fig. 4b). In this case, we have

B
" (L RJR) + W R(Ce+ )
where the numerator B equals
B = (Ry/Ry+1)Cy+ (R/Ry)Cy
+ (Ry/Ry)(Cy + Cy) + W’ RSC,Cy(Cy + Cp).

Assuming R, = Ry and taking into account that
(R,wCy)? > 1, we derive C,, = C,C,/(C4 + C,). Since
Cy>C,C,=C,i.e, for R, =R, C,isequd to the
capacitance of two capacitances connected in series.
The magnitude of this quantity tends toward the base
capacitance C,. In this case, the capacitance is fre-
guency-independent. It is worth noting that the equiva-
lent scheme shown in Fig. 4b is used for the investiga-
tion of the dielectric dispersion in two-layer semicon-

(4)
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Fig. 5. Comparison of the voltage dependences of the
reverse-current density with expression (5) for the struc-
tures fabricated by oxidation of InSefor (1) 60, (2) 90, and
(3) 120 min. T =288 K.

ductors or insulators [20]. We should also note that the
application of both equivalent schemes to the structure
under investigation implies that the upper oxide layer
(oxidation for 60 or 90 min) should have aconsiderably
higher conduction in comparison with the high-resis-
tance interlayer and the base conductor. For the latter
case (oxidation for 120 min), the results indicate that a
guite homogeneous oxide layer is formed.

It should be noted that for all oxidation times, the
noise-density spectrum corresponds to the run of the
dependence fY (Hooge's law). This spectrum has two
clearly pronounced portions in the case of reverse-
biased structures (here f = w/2m). In the first portion
(0-4V), the exponent y steadily increases in the range
of 0.45-3 with an increase in the annealing time from
30 to 90 min. In the second portion (4-10V), y= 0.2-1,
which differsfrom similar valuesfor p-1nSe-based pho-
toresistorsonly by the magnitude[30]. It should also be
noted that the signal-to-noise ratio V/V,, increases with
the oxidation time and attains the largest value for
structures fabricated by oxidation for 90 min.

The spectrum n(hv) of structures obtained by oxida-
tion of the base semiconductor for 120 min (Fig. 3,
dependence 4) has the shape of a band with no pro-
nounced peaks. A dlight decrease in sensitivity in the
short-wavelength region is observed. Furthermore, a
short-wavelength edge is somewhat extended in com-
parison with the two previous oxidation modes. These
facts may indicate both defect formation at theface side
of the structure due to prolonged thermal treatment and
relative chemical constancy of the oxide layer.

Thevariation in the reverse portions of the |-V char-
acteristics with the oxidation time also illustrates well
the dynamics of the development of the native oxide.
For InSe substrates oxidized for 15 and 30 min, the
dependence of the current density on the reverse volt-
age is linear, as was mentioned above (Fig. 1, depen-
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dence 2). Such behavior ischaracteristic of leakage cur-
rents [27] and is caused by the formation of a large
number of crystalline grains and blocks at the surface of
the base semiconductor.

For p-InSe samples oxidized for 60 min, the depen-
dence of the current density on the reverse voltage in
the range of 0 < |[V| < 0.7-0.8 is governed by space-
charge-limited currents. Thisisindicative of the forma-
tion of an insulator interlayer between the upper oxide
layer and the base semiconductor. At higher reverse
biases, the current density J is described by the expres-
sion typical for the tunnel current [31]:

J = ayexp[-by/(po—eV)"7. (5)

Here, b, isaparameter independent of V; a, isaparam-
eter which makes allowance for the degree of popula-
tion of the energy levels from which tunneling occurs.
The graphical representation of formula (5) concerning
the |-V characteristic of the sasmple oxidized for 60 min
isshown in Fig. 5, dependence 1.

For the structures fabricated by oxidation for
90 min, the reverse portion of the I-V characteristic has
a more complex shape and consists of three portions.
(i) Intherange of 0 < [V| < 0.25-0.3V, space-charge-
limited currents play an important role. (ii) For
0.25-0.3 < V < 0.7-0.8 V, the |-V characteristic is
described by the expression J O (¢, — €V)¥?, which is
characteristic of generation—recombination processesin
the space-chargeregion [32]. (iii) For [V|>0.7-0.8V, the
reverse portion of the I-V characteristic is described by
expression (5) (Fig. 5, dependence 2). In this case, a
decrease in the effect of space-charge-limited currents
and the emergence of generation—recombination cur-
rentsindicates that the density of states decreasesin the
transition layer; i.e., the layer becomes more homoge-
neous. Because of this circumstance, the reverse-cur-
rent density decreases by an order of magnitudein com-
parison with the case of oxidation for 60 min.

For the structures fabricated by oxidation of the sub-
strate for 120 min, the effect of space-charge-limited
currents becomes even less substantial. These currents
are observed in the range of reverse biases 0 < |[V| <
0.15-0.2V. Taking into account the significant decrease
in the diffusion potentia and the appearance of fre-
guency dispersion of the capacitance, this circumstance
indicates that the high-resistance transition layer virtu-
ally vanishes. Intherange of 0.15-0.2< |V|<1.8-2.0V,
the |-V characteristicislinear (Ileakage currents), which
may be indicative of violation of oxide-layer integrity,
i.e., the appearance of small defects, cracks, etc. Dueto
this, an increase in the reverse-current density by afac-
tor of ~15 in comparison with the case of oxidation for
90 minisobserved. Finaly, only for [V|> 1.8-2.0V, the
|-V characteristic of different sasmples is described by
expression (5).
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4. CONCLUSIONS

The dynamics of barrier development was studied
on the basis of an analysis of the changesin the current—
voltage, capacitance-voltage, photoelectric, and noise
characteristics of structures consisting of p-InSe and
native oxide with oxidation time at T = 400°C. It is
found that structures with optimal electrical and photo-
electrical parameters are obtained by oxidation of the
base semiconductor for 90 min. The C-V characteristic
of such structures is independent of the measurement
frequency, which is due to the fact that the native oxide
isbilayered, whereas the contact potential difference ¢,
is equal to 0.7 eV. The character and the level of the
noise in such structures differ from those predicted by
Hooge's law, as in the case of the photoresistive effect
in InSe. For shorter oxidation times, the film is not
formed, as indicated by low noise both at forward and
reverse biases. For oxidation times longer than 100 min,
the potential barrier decreasesto 0.27 eV, which cannot
be explained by changes in the chemical composition
of the oxide layer. Changes in the polarity of the cur-
rent, noise characteristics, and the constancy of the
short-wavel ength photoresponse limit are indicative of
achangein the type of conduction of the base material.
Notably, frequency dispersion of capacitance arises,
which indicates that a high-resistance interlayer at the
interface vanishes. The possibility of fabricating struc-
tures consisting of p-InSe and native oxideis also dem-
onstrated; this is largely due to the fact that the main
component of the oxide is indium selenate 1n,(Se0,),
rather than 1n,O;.
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Abstract—Distribution of indium atoms in structures which contained double InGaAs/GaAs quantum wells
and were grown by vapor-phase epitaxy from metal—organic compounds was studied. Experimental indium-
concentration profiles were obtained using Auger electron spectroscopy. A model of growth with allowance
made for indium segregation and amodel for the Auger profiling were used in the calculations of profiles. Fit-
ting calculated profiles to experimental ones made it possible to estimate the activation energies for In-Ga
exchange in the context of a kinetic model for segregation. These energies are found to be somewhat higher
than those that are well known for molecular-beam epitaxy, which is related to stabilization of the growth sur-
face by hydrogen atoms in a vapor-phase reactor. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

When epitaxial layers of solid solutions are grown,
segregation (separation) of one of the solution compo-
nents by the growth surface gives rise to distortion of
the concentration profile, which most profoundly
affects thin layers of the quantum-well (QWSs) type.
Segregation of indium during the growth of InGaAs
layers on GaAs(100) substrates was repeatedly
observed in the course of molecular-beam epitaxy
(MBE), in which case low growth rates and high repro-
ducibility of results made it possible to evaluate the
parameters of the process [1-6]. Three principle mod-
els are used. The first (smplest) model of exponential
increase or decrease in concentration corresponds to a
constant coefficient of the concentration distribution
between the solid phase and the surface [1-4]. The sec-
ond (kinetic) model describes segregation as a combi-
nation of two thermally activated processes of
exchange of In-Ga atoms between the surface and the
upper layer of the solid phase [6]. In the third (thermo-
dynamic) model, it is assumed that the probability of
exchange of the atoms is very high during monolayer
growth; as a result, an equilibrium distribution of con-
centration is established (see[7] for the case of Ge seg-
regation).

In the case of vapor-phase epitaxy from metal—
organic compounds (MOVPE), the presence of hydro-
gen as the carrier gas in the reactor enhances surface
stability [8] and (in combination with other factors) can
suppress segregation. Nevertheless, recent observations
[9-13] can be interpreted as manifestations of indium
segregation; however, a comprehensive qualitative

explanation of the results and especialy a quantitative
description of this phenomenon are still lacking.

Difficulties encountered in experimental studies of
segregation are associated with the necessity of analyz-
ing the concentration profiles of elements in the layer
with ahigh resolution. In this study, the indium concen-
tration profile in MOV PE structures with two InGaAs
QWs was investigated using high-resolution Auger
electron spectrometry combined with layer-by-layer
etching with argon ions. The spread function of the
Auger spectrometer was determined using test samples
and was used in calculations of the concentration pro-
files of elements. We simulated the growth (with allow-
ance made for segregation) and subsequent process of
layer-by-layer analysis. Comparison between the
experimental and calculated profiles madeit possible to
determine accurately the growth parameters and assess
the applicability of the models developed initially for
MBE to the MOV PE process.

2. EXPERIMENTAL

Epitaxial structures were grown in a horizontal
MOV PE reactor in hydrogen flow under atmospheric
pressure. We used trimethylgallium, trimethylindium,
and arsine as sources of gallium, indium, and arsenic,
respectively.

Structures A, B, C, and D each contained two
InGaAs QWSs separated by a GaAs layer and coated
with asimilar GaAs layer. The thickness of each layer
was about 10 nm. We attempted to remove excess
indium in structure C by etching off the upper mono-
layer of each of the QWSs; to this end, we introduced

1063-7826/03/3702-0194%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Parameters of growth processes and computation models

Parameters of models
amodel involving exchange between the layer and the surface expo-
Struc- T. °C Addi- nential
ture | 9’ tives layer 1 layer 2 layer 3 layer 4 model
ognnm[—
Fin | Foa Foa Fin | Foa Fea |
bS | mls | mls | b8 [mlls| bS | MmUs| Mlis| b3 | mLls Ls, nm
A 650 - 8 |04 25 20 15 8 |043 2.2 20 2.2 1.0 3.0
B 500 - 24 [10165| 0.62 | 60 0.43 24 10185| 064 | 60 0.54 0.8 15
C 650 | CCl, 8 |0.46 25 20* 155 8 |05 235 | 20* 1.95 1.2 2.0
D 650 | Bi 8 |0.27 185 | 20 18 8 |0.36 19 20 245 1.0 3.0

* Growth of the layer setsin after removal of asingle previous monolayer. Designations: Ty is the growth temperature; t is the duration of

the layer growth (specified in the model asin the growth process); F

are theindium and gallium fluxes expressed in monolayers per sec-

onds (ML/s); o isthe measure of the surface roughness; and L is the segregation length. In the model with exchange, we used the param-

etersE; =1.95eV and E; = 2.25eV.

CCl, into the reactor at the end of the InGaAs-layer
growth. Therole of CCl, as an etchant for InGaAs was
previously outlined [14]. When growing QWsin struc-
ture D, we additionally introduced bismuth impurity
into the reactor; thisimpurity has been used in MBE to
suppress In segregation [4]. We employed laser sputter-
ing of aBi target similarly to [15]. Data on growth tem-
peratures and durations of different growth stages are
listed in the table.

The In concentration profiles were measured using
an ESO-3 Auger spectrometer in the high-resolution
mode with simultaneous layer-by-layer etching with
500-eV Ar* ions[16]. We detected In (406 eV) and Ga
(1069 eV) lines. The Ga concentration profile was used
to take into account a drift of sensitivity during mea-
surements of In distribution; this drift wasrelated to the
long duration of measurements (up to two hours).

In addition, we used a DRON-4 diffractometer with
aGe(400) monochromator to record the 6/20 X-ray dif-
fraction spectra in the vicinity of the GaAs(400) peak
using CuK,, radiation.

3. METHODS FOR DATA PROCESSING
3.1. AModel of the Layer-by-Layer Analysis

We calculated the Auger profile for a given “true’
distribution using the method suggested by Hoffmann
[17]. We took into account the three following parame-
ters of the process, namely, the depth of the atomic-
mixing zone (w), the information-significant escape
depth for Auger electrons (A), and the surface rough-
ness characterized by a Gaussian distribution with the
variance g. The quantity w was assumed to be equal to
the projected range of 500-eV Ar* ions with alowance
madefor the angle of beam incidence (60°) (w= 1.0 nm).
The escape depth for Auger electrons, with alowance
made for their energy and the collection geometry, was
estimated as A = 0.6 nm. The etching-induced surface
roughness in the analyzed zone (the diameter of this
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zone was 5 um) was estimated from the steepest exper-
imental slope with the two other parameters of the
Auger profiling being fixed. As a result of fitting, we
obtained o = 0.5 nm. In the course of simulation, this
quantity was varied, since it included the specific sur-
face roughness of samples.

We calcul ated the X -ray diffraction spectrum on the
basis of a dynamic theory using a recurrent formula
which described an addition to the structure of ahomo-
geneouslayer. The gradient layerswere partitioned into
sublayers with x,,, = const; the number of partitionswas
sufficiently large so that the discretization did not affect
results. We specified the scal e coefficients of the profile
on the axes of depth and concentration as adjustable
parameters. We found that it was sufficient to specify
two scale multipliers in the course of fitting the calcu-
lated spectrum to the experimental spectrum within the
accuracy of measurement. Infact, X-ray diffraction was
used to obtain amore accurate normalization of profiles
reconstructed using the Auger experiments[18].

3.2. Models of Growth with Segregation

We used two models of segregation in the analysis
of experimental data; one of these models is exponen-
tial, while the other is kinetic. A thermodynamically
equilibrium limit is attained only at low growth rates
and high temperatures; because of this circumstance,
we did not use the thermodynamic model.

In both models, it is assumed that we have layer
growth and the thickness of an InGaAs(100) monolayer
(dy) is equa to the halved lattice constant. At each
step of the growth stage, we specify the duration of the
process and fluxes of indium (F,,)) and gallium (Fg,) at
the growth surface in fractions of a monolayer per sec-
ond. It is assumed that arsenic atoms are always avail-
able in sufficient amount. The time required to grow a
monolayer is defined asty,, = U(F,, + Fgo).
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Fig. 1. Representative results of calculations of In content
(2) at the surface and (2) in the upper layer according to the
exchange model taking into account variation in this content
during the growth of monolayers. Curve 3 represents varia-
tionsinthe In concentration in the second (from the surface)
layer of the solid phase.

The model of exponential growth (decay) [1] yields
the following expression for the atomic fraction of
indium in the jth monolayer (ML):

Xin() = Xiim = Xiim = X0) S
Here,

Fin
XIim = E:;"‘ FGa

is the atomic fraction at the end of the previous growth
stage, and the parameter Sis related to the segregation
length as

S = exp(—dy. /Ly).

This model corresponds to a constant coefficient of
concentration distribution between the solid phase and
surface, which is correct only for low impurity concen-
trations. In addition, the model in question does not
describe the segregation mechanism; therefore, we
have a specific segregation length for each growth tem-
perature. Nevertheless, the general shape of the atomic-
fraction profile is described correctly in the first
approximation, and the involvement of only a single
parameter makes this model attractive for implementa
tion[1-4, 10Q].

The second (kinetic) model describes the segrega-
tion as a combination of two thermally activated pro-
cesses of exchange of In—-Ga atoms between the surface
and the solid-phase upper layer [6]. The parameters of
the model include the activation energy for exchange
between indium atoms in the upper layer and gallium
atoms at the surface (E;), the corresponding energy for
exchange between indium atoms at the surface and gal-
lium atoms in the upper layer (E,), and the frequency
factor (v). If E; < E,, we have segregation (gjection) of

DROZDOV et al.

indium atoms by the growth surface. The growth of a
monolayer is described by the following equation [6]:

dx ot

S = Fint PLXiD (DXE(D) = PoX2 () XG(). (1)

Here, tistime; X,(E) and X,(ﬁ) arethe atomic fractions of

indium in the upper layer and at the surface, respec-

tively; X2 and X&) arethe corresponding atomic frac-

tions for gallium; P, = vexp(—E,/KT) is the probability
(frequency) of exchange between indium in the upper
layer and gallium at the surface; P, isthe probability of
the inverse process; k is the Boltzmann constant; and T

isthe growth temperature. We have X (1) + X2 (t) =1
in the solid phase; however, the total content of indium

and gallium (in fractions of monolayers) at the surface
varies from zero at the beginning of monolayer growth

to X{¥ + X& =1 at the end of growth. The filled sur-

face layer solidifies and becomes the solid-phase upper
layer; thereafter, the process recurs. Diffusion in the
bulk and reevaporation from the surface were disre-
garded since the probability of these processesis|ower
than that of the exchange between the surface and the

upper layer.

In Fig. 1, we show an example of the calculated
atomic fraction of indium at the surface (curve 1) andin
the upper layer (2); in caculations, we used the
exchange model taking into account variations in
atomic fractions during growth of monolayers. We
specified the fluxes F, = 0.2 ML/sand Fg,= 0.8 ML/s.
The parameters E; = 1.8 eV, E, =2.0¢eV,and v =
10*2 st were taken from [7]. The growth duration and
temperature were 10 s and 500°C, respectively. It can
be seen that the curves do not level off (steady-state val-
ues are not attained); i.e., the conditions are such that
thermodynamic equilibrium is far from being estab-
lished.

4. RESULTS OF ANALY SIS BASED
ON SEGREGATION MODELS

In Fig. 2, circles represent experimental atomic-
fraction profiles for indium in the structures grown at
650°C (A), at 500°C (B), at 650°C with CCl, being
introduced at the end of growth of each QW (C), and at
650°C with the addition of bismuth (D). A qualitative
analysis of profile A clearly indicates that we have
indium segregation; i.e., indium is present at the surface
of the upper GaAs layer. A decrease in the growth tem-
perature to 500°C (structure B) resultsin the disappear-
ance of In at the surface; i.e., segregation islargely sup-
pressed. Almost the same result is obtained when the
upper layer of each of the QWs is etched off (struc-
ture C). The introduction of bismuth into structure D
virtually did not affect segregation.
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Numerical ssimulation of growth and layer-by-layer
analysis made it possible to select the parameters that
ensured good agreement between the calculated and
experimental profiles. The growth durations and com-
ponent fluxes used in the growth model are listed in the
table. These parameters correspond to rectangular pro-
files shown in Fig. 2. In order to fit the calculated pro-
files to experimental ones, we had to use increased
exchange-activation energies(E; = 1.95eV, E, = 2.25¢eV)
compared to the available published values for MBE
(1.8 and 2.0 eV, respectively). If E; = 1.8 eV, segrega-
tion in the course of low-temperature growth (struc-
ture B) will be even more pronounced than for structure
A; therefore, the value of E; wasincreasedto 1.95 eV,
in which case the calculated profile coincides with the
experimental profile within measurement accuracy.
Similarly, an increase in E, made it possible to explain
alarge amount of indium at the surface of structure A.
Such an increase in the barrier heights for the outflow
of atomsto the surface in the course of MOV PE can be
related to stabilization of unsaturated arsenic bonds
with hydrogen in the solid-phase upper layer [8].

Etching of the surface of structure C with CCl, was
simulated by removing the solid-phase upper mono-
layer after the growth of each of thetwo InGaAslayers.
Figure 3 illustrates the processin more detail. Curves 1
and 4 outline the specified rectangular profile and the
resulting cal cul ated profile with allowance madefor the
spread function of the spectrometer; these profiles are
the same as those shown in Fig. 2 for structure C.
Curve 2 in Fig. 3 represents the atomic fraction of
indium X% at the surface with allowance made for the
etching off of asingle monolayer at the pointsindicated
by arrows. The atomic fraction of indium at the end of
growth of each monolayer was used as the value of

Xfﬁ). Curve 3 illustrates what this atomic fraction

would be without etching. A shift of profile 3isrelated
to a decrease in the total thickness of the structure by
two monolayers when the depth zis reckoned from the
surface. The appreciable difference between profiles 2
and 3 is caused by the fact that, in the exchange model
under consideration, the excess indium accumulated as
a result of segregation is concentrated in the upper
monolayer of the solid phase; it is this monolayer that
is etched off. Etching with CCl, in the course of
MOVPE can be compared with the evaporation of
indium from the surface as aresult of high-temperature
heat treatment in the course of MBE [5].

Inthemode of layer-by-layer analysis, we specified
the depth of the ion-mixing layer w = 1.0 nm and the
information-significant depth A = 0.6 nm. The surface-
roughness variance o was varied, since this parameter
is specific for different samples (see table). It can be
seen from Fig. 2 that the cal culated profiles (lines) coin-
cide closely with the experimental profiles (circles),
which validates the models we used.
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Fig. 2. Experimental (circles) and calculated (lines) profiles
of In concentration in structures A, B, C, and D with two
InGaAs quantum wells. The rectangular profiles illustrate
the specified growth model disregarding the effect of segre-
gation and the spread function of the Auger spectrometer.
The coordinate z is reckoned from the structure surface.
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Fig. 3. Calculated In concentration profiles according to the
model of the growth process for structure C with account
taken of etching off of amonolayer at the end of growth of
each of the InGaAs layers. The instants of time correspond-
ing to etching are indicated by arrows. Curve 1 corresponds
to the specified growth model; circles 2 represent the In con-
centration at the surface of a growing layer with allowance
made for etching; filled circles 3 represent the same depen-
dence with etching being disregarded (for the sake of com-
parison); and the dotted line 4 represents the calculated In
concentration profile with the spread function of the Auger
spectrometer taken into account.
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The use of an exponential model of segregation also
leads to satisfactory agreement between the calculated
and experimental profiles for the values of segregation
length L listed in thetable and for = 0.5 nm. It can be
seen that both adecrease in the growth temperature and
etching off of excess indium partly suppress segrega-
tion (the segregation length decreases). The effect of
bismuth impurity isinsignificant. However, it isimpos-
sibleto account for alarge outflow of indium to the sur-
face of structures A and D using this simplified model.

5. DISCUSSION

The question arises as to what extent the model,
according to which excess indium is located in the
upper solid-phase layer, isredlistic. In our opinion, the
datareported by Garciaet al. [19] validate the moddl. It
was observed [19] that the substrate was bent during
deposition of the InGaAs layer. The extent of bending
first increased during deposition of the layer, then
remained constant during interruption (although the As
flux was not interrupted), and surprisingly increased
again during subsequent overgrowth with pure GaAs.
We may suggest the following interpretation of experi-
mental data in the context of the growth model that
involves the exchange of atoms between the layer and
the surface. In the course of InGaAs layer growth,
excess indium content is observed in the upper solid-
phase layer; however, this layer differs from bulk
INnGaAs in its mechanical characteristics since the
bonds at its surface are not saturated. As a result, this
layer does not contribute to the elastic deformation of
the substrate. During an interruption interval, the layer
does not grow even though arsenic is still supplied; this
absence of growth is caused by the fact that indium
appears at the surface, while Gais not supplied. In the
course of subsequent overgrowth with a GaAs layer,
exchange occurs; i.e., we have, in fact, a growing
InGaAs layer with decreasing indium content, which
leads to an increase in the extent of substrate bending.
Direct in situ measurements of concentrations at the
surface and in the bulk [7] corroborate this model of
growth in an MBE reactor.

When applying the MBE model of layer growth to
MOVPE structures, we should make certain that
growth actually proceeds in the layer-by-layer way. As
experimental verification, we can use the data of
atomic-force microscopy applied to structures that
were similar to those under consideration and were
grown on substrates with vicinal surfaces (i.e., misori-
ented by about 0.2° in reference to the main crystallo-
graphic directions). Steps that had a 0.3-nm height and
were separated by wide terraces were observed at the
surface [20]. The validity of the model under consider-
ationisalso confirmed by theinsignificant roughness of
the surface.

The question arises as to whether the suggested
interpretation of experimental profilesis unambiguous.
Apparently, this interpretation is still ambiguous since
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we disregarded the kinetics of chemical reactions and
the gas-dynamic characteristics of the MOV PE reactor.
We can also cite a certain contradiction in the data: in
our calculations, the Ga flux for the fourth layer has to
be set larger than that for the second layer (see table),
athough in actual processes the Ga flux was main-
tained constant for all four layers of the structure. How-
ever, the fluxes in the model and in the actual process
have a somewhat different meaning: experimentally,
we are dealing with trimethylgallium introduced into
the reactor, whereas gallium is supplied to the growth
surface in the model. In this context, the origin of the
aforementioned contradiction remains unclear.

Nevertheless, the results of our study show that the
model with segregation can be used to interpret experi-
mental profiles and should be considered as a plausible
one for describing the MOV PE process. Differences
between the segregation processes in MOV PE and the
high-vacuum MBE processes consist in the following:
in the former processes, potential barriers for the
appearance of cations at the surface are higher and the
effect of bismuth as a surfactant differs from that in the
latter processes. These differences can be attributed to
a higher concentration of hydrogen at the surfacein the
MOV PE process, in which case hydrogen is used asthe
carrier gas.

6. CONCLUSIONS

We used a gas-phase reactor with atmospheric pres-
sure to grow a number of structures with double
InGaAs QWSs; the resulting indium concentration pro-
file was measured using layer-by-layer Auger electron
analysis. The growth and analysis processes were sim-
ulated using a single computational algorithm; calcu-
lated profiles were then fitted to experimental profiles,
which made it possible to determine more accurately
the parameters of the growth model that involves segre-
gation. The model swe used are satisfactorily consistent
with experimental data. We revealed the following spe-
cial features:

(i) A moddl with thermally activated exchange
between a layer and the surface makes it possible to
describe the indium profiles in structures grown at var-
ious temperatures;

(i) Activation energies for processes of exchange
between indium and gallium atoms were found to be
higher than those reported for the high-vacuum (MBE)
processes. We suggest that this observation is due to
stabilization of the growth surface with hydrogen,
which is present in the reactor asthe carrier gas;

(iii) Introduction of bismuth into the reactor did not
affect the segregation parameters, in contrast to what
takes place in the MBE processes, which can aso be
related to the surface state; the latter differs from that
under high-vacuum conditions;

(iv) Introduction of CCl, at the end of InGaAs layer
growth appreciably reduced the effect of segregation on
SEMICONDUCTORS  Vol. 37
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the indium profile in the structure, which was attributed
to the etching off of the upper layer where excess
indium was located.
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Abstract—Self-consistent calculations of the Rashba splitting both in inversion and accumulation InAs layers
were carried out using a method based on reducing 6 x 6 and 8 x 8 Kane matrix eguations to a Schrddinger-
type equation. Disregarding the I ,-band contribution yielded a splitting magnitude overestimated by 50%. The
essentialy nonlinear dependence of splitting on the two-dimensional (2D) wavevector k restricts the applica-
bility of the Rashba parameter o (coefficient at the k-linear term in the spectrum), including its value at the
Fermi level, because of a strong dependence of the latter on the approximations applied to the two-dimensional
spectrum. The relative differences An/n of the spin-split subband populations, calculated for the inversion layer,
were found to be 2-3 times |ower than those measured by Matsuyama et al. (see text). The experimental study
of accumulation InAs layers showed that the corresponding value An/n does not exceed the calculated one,
~0.02. The approach employed to describe the 2D spectrum (including spin—orbit splitting) was also shown to
be adequate when applied to the case of quasi-classical quantization in a classically self-consistent surface

potential. © 2003 MAIK “ Nauka/Interperiodica” .

The Rashba effect (spin—orbit splitting of the two-
and one-dimensional spectra in asymmetric quantum
wells (QWSs) [1-3]), which forms the basis of the con-
cept for a promising spintronics device, i.e., a spin
field-effect transistor [4], is attracting considerable
attention from experimenters[5] and theorists[6]. Most
of the studiesin this line of inquiry are concerned with
heterostructures based on InGaAs with asymmetric
QWs. However, in recent years, emphasis has been
placed on metal—insul ator—semiconductor (MI1S) struc-
tures and materials with a narrower Kane gap [7, 8].
The Rashba splitting in these systems should be most
pronounced due to small effective masses, a heavier
spin—orbit coupling, and extremely asymmetric poten-
tial wells of inversion and accumulation layers. The
Rashba parameters a obtained in [7] for inversion InAs
layers not only exceed those in heterostructures, but
also exhibit a significantly heavier dependence on an
applied external electric field, which isacritical factor
from the viewpoint of field-effect transistor devel op-
ment.

In contrast to heterostructures, where the confining
potential is often poorly known, the Rashba effect can
be calculated reliably enough for MIS structures. The
theoretical estimates of a obtained in [7] agree well
with the experimental data of the same study. However,
the validity of the approximations used in [7] causes
serious doubts. Thisistrue for the model of atriangular
potential well, which is absolutely inadequate for the
case of surface QWSs in narrow-gap semiconductors
even with respect to the number of populated two-
dimensional (2D) subbands, not to mention the Rashba

effect, which is very sensitive to the shape of the poten-
tial. The sameis also valid for a two-band approxima
tion ignoring the spin-split-off valence band in the ini-
tial volume Hamiltonian, which can have a significant
effect on the potential and 2D spectrum parameters,
since the spin—orbit splitting A = I'g — '; of the InAs
valence band is closeto the Kanegap E; =T —Ig. The
wavevector-linear approximation applied in [7] to the
spin—orbit splitting of the 2D spectrumisalso inconsis-
tent with the Hamiltonian of the system with the split-
ting saturated asthe 2D wave vector Kk increases[9-11].

In this paper, we report results of the self-consistent
calculation of the 2D spectrum in inversion and accu-
mulation InAs layers using arealistic three-band Kane
model with successive consideration of the effects of
nonparabolicity and interband mixing by the electro-
static surface potential. We also discuss experimental
data on accumulation layers in InAs-based MIS struc-
tures. The spectrum and experimentally studied param-
eters of 2D subbands are theoretically described within
the approach [10] based on the reduction of the initial
matrix equation to a Schrddinger-type equation. How-
ever, [10] is based on atwo-band Hamiltonian that does
not yield the dependence of the Rashba splitting on the
parameter A, whereas the effect itself isdirectly caused
by spin—orbit coupling. The two-band model corre-
sponding to the limiting case of A — oo is valid for
narrow-gap semiconductors like HgCdTe with A > E,,.
However, as indicated above, its validity seems to be
doubtful in the case of 2D InAs-based systems, espe-
cially when describing spinor-type effects.

1063-7826/03/3702-0200$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Without a magnetic field, taking the I'; band into
consideration readily fits with the scenario of [10] and
the problem can be reduced to the following
Schrédinger-type equation:

d2 * + 2, +
99 4 (K*EV(2).K)" = 0, (1)
dz
+.2 _ 3E+E_ 2 1 d2V
(K') = —Cks— —Z—&ECrl
2
_3pldvir. |, kdv
4CE. dz0 Ot 38 a2 O

where P is the Kane matrix element of the momentum
operator,

E, = E-V(2)+E, E. =E-V(2

(the energies are measured from the band I bottom),
and the factors

_ Ea
Cre = 1-3g 1
E
Cu=1 3

" (Ea+1)(3E, +2)’

| _1Ea(4+19E, + 18E2)

C, = )
© T 3(BE+2)(Ey+1)
Co=1- EA(BE,+1) |
(EA+1)(3EA+2)
defined only by theratio
E,
EA K,

describe the I'; band contribution. In contrast to the
direct numerical integration of initial matrix equations,
this approach allows easy extraction of the terms
responsiblefor the nonparabolicity effects (thefirst two
terms, an analogue of the Klein-Gordon—Fock equa-
tion in the corresponding relativistic problem) and the
spinor-type effects, i.e., the resonance interband mixing
(the third and fourth terms) and the spin—orbit splitting
described by the last term linear in k and the electric
field. From the standpoint of the problem under consid-
eration, an important advantage is the possibility of a
direct comparison of commonly used methods based on
an approximate description of spin—orbit splitting.

I n these methods, a phenomenol ogical term with the
Rashba parameter, which is linear with respect to the
2D quasimomentum, is introduced into the dispersion
relations of the electron spectrum of the size quantiza-
tion subbands cal culated ignoring the spin effects.

At A — oo, thefactors C, in relation (2) describing
the effects of the interaction with the I"; band are equal
to unity and, to the accuracy of notation, we obtain the
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equations of [10]. However, thesefactors, except for the
spin—orbit term, do not drastically change in another
extreme case, A — 0. ThefactorsC,; and C,, at A =0
are also equal to unity (at an arbitrary E,, they differ
from unity by no more than 15%). As for the Klein-
Gordon term, the factor Cy, which depends on A, is
equal to 3/2 inthelimit of A — 0, which corresponds
to mass renormalization at the conduction band bottom
at A — 0in comparison with the case A — 0. Thus,
the consideration of the I'-band contribution should
not cause significant variations in the 2D subband
parameters calculated ignoring spin—orbit splitting,
which is confirmed by numerical calculations (see
below).

Only the spin—orbit term shows significant changes
in comparison with the two-band model. ThistermisA-
linear at small A/E,; in the limit A — 0, the splitting
according to the Rashba mechanism disappears. If we
introduce the volume effective mass at the conduction
band bottom,

_ 3H°Eg(Eq+A)
2P%(3E, + 2)

it becomes evident that the spin—orbit termin theresult-
ing effective potential

b

S\
®  2m,2E,dz ~®
_ B A(2E, + D) dv
2m,E,(E, + A)(3E, +2A) dz
is similar in structure to that derived in [11, 12] (and

coincideswith it inthelimit of large Eg) asacorrection
to the one-band approximation,

©)

dv
Vg, = ak = umk—dz.
with the coefficient

o = 21 A(2E, +A) _P? AN+ 2E,)
" 2myEy(Bg+A)(BE+20)  3EX (A+E,)” (4

depending on the parameters of the band structure.

In the self-consistent solution to Eg. (1) and the
Poisson equation, we used the model of a box with a
fictitious rear wall spaced by a distance L greatly
exceeding the Debye screening length (the Thomas—
Fermi length in accumulation layers) L, aswell asthe
model with zero boundary conditions for the wave
function at the front (the interface with an insulator)
and rear walls. The box sizes were determined from the
condition that the solution be independent of L (as a
rule, thisismet to ahigh accuracy evenat L =5L). The
results calculated for the inversion InAs channel with
Na — Np = 1.8 x 10'7 cm3 (the parameters of the mate-
rial studied in [7]) and the accumulation InAs layer
with Np — N, = 1.8 x 10*” cm3 (the parameters of the
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ng, 1012 cm?

Fig. 1. Spin subband population versus the total surface
electron density for accumulation (solid lines) and inversion
(dashed lines) InAs layers, calculated using the three-band
Kane model and experimentally determined (circles).

Ano/no
0.15

ap, 107 eV m

0.10

0.05

ng, 1012 cm2

Fig. 3. Concentration dependences of An;/n; and the Rashba
parameter (in approximation (6)) cal culated using the three-
band model for the main subband of accumulation (n) and
inversion (p) InAs layers. Dots and crosses correspond to
the experimental values An;/n; from [7] and the quasi-clas-
sical calculation, respectively.

sample we studied, see below) are shown in Figs. 1-4.
The dispersion relations calculated ignoring the spin—
orbit term within both two- and three-band models in
all of the 2D subbands and in the entire actual interval
of band bendings and energies are well described by a
Kane-type dispersion relation (a parabolic approxima:
tion is unsatisfactory even at relatively small band
bendings),

E = J(shk?+(ms) -mSrak, ~ (5)

RADANTSEYV et al.

AE, meV
12+

101 .

0 1 2 3 4 5 6
(k" + k)2, 10% cm™

Fig. 2. Energy splitting calculated versus the wave vector
using the three- (solid lines) and two-band (dashed lines)
modelsfor the main subband of accumulation (n) and inver-
sion (p) InAslayersat ng = 2 x 10* cm™. The arrow corre-
spondsto k = ke

ap, 1071 eV m
3 —

ng, 102cm2

Fig. 4. Concentration dependences of the Rashba parameter
for the main subband calculated in the two- (two upper
curves) and three-band approximations for the inversion
InAs layer, using approximations (6) (solid lines) and
(5) (dashed lines), as well as the parabolic approximation
(dotted lines). Dots and crosses correspond to the data of [7]
and the quasi-classical calculation, respectively.

where the parameters approximating the spectrum, i.e.,
the subband “rest masses’ m and the Kane velocities s,
are uniquely determined from the calculated Fermi
energies Eg, quasi-momentake, and cyclotron massesin
the ith subband; and a; is the Rashba parameter a inthe
ith subband. In view of further discussion, we wrote
this expression taking into account the Rashba splitting
(usually ignored at this stage) in the form convention-
aly used when analyzing experimental data.

According to what was stated above, when ignoring
the Rashba term in ratio (2) (or when averaging over
SEMICONDUCTORS  Vol. 37
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two spin portions of the spectrum), the results calcu-
lated using the three- and two-band Kane models are
almost identical. In particular, in the case of the distri-
bution of carriers over 2D subbands (see Fig. 1), which
is usualy studied experimentally, the differences
between the concentrations averaged over two portions
of the spectrum for both models are virtually impercep-
tible on the plot scale. The features of the accumulation
layer (including those related to the spin effects) in the
concentration region near the subband popul ation onset
are caused by a degenerate continuum of bulk electrons
and call for special discussion, which is beyond the
scope of this study.

However, the spin—orbit splitting data calculated
using the two- and three-band Kane approximations
significantly differ. Disregarding interaction with thel
band results in the overestimation of the splitting at the
Fermi level by more than one-and-a-half times (see
Fig. 2). Asis readily seen from Egs. (1) and (2), the
Rashba splitting AE = E* — E-is nonlinear in k because
of the nonparabolicity of the system (the first term in
Eq. (2) involves squared energy).

However, when anayzing the Rashba splitting
parameter, it is conventionally assumed that AE can be
described by aterm that is linear with respect to k and
theelectricfieldin Eq. (2). Theresultsof numerical cal-
culation indicate that a split spectrum cannot be
described even qualitatively using a parabolic approxi-
mation or approximation (5). The data presented here-
inafter are related to the main subband i = 0. However,
the results for excited subbands are very close to the
corresponding data calculated for i = O at identical sub-
band concentrations n,. A much better fit is attained
when using the approximation (more consistent with
the Kane Hamiltonian, see [9])

E* = J(shk)?+(ms) t2mSak-ms  (6)

with the saturated splitting A™* = 2a;ms/A. However,
the calculated dependences AE(k) do not simply level
off at large k (as Eq. (6) shows). The splitting AE
decreases after reaching amaximum at k closeto k- and
disappears in the limiting case kK — oo.

Thus, to correctly describe the spectrum, the phe-
nomenological parameter a; in relations (5) and (to a
significantly smaller extent) (6) should be treated as
depending on the wave vector. Asfor itsvalue o at the
Fermi level, whichis, asarule, used as ameasure of the
spin—orbit splitting, one important point to remember is
the ambiguity related to the strong dependence of o on
the analytical approximations used, which are fre-
guently inadequate. A characteristic of the Rashba
effect that is much more convenient (especially when
comparing the magnitudes of an effect in various mate-
rials and structures), independent from the models
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used, and, most importantly, directly measured is the
“polarization degree”

An, _ n—n/

N n+n

where ni is the population of spin subbands. We
emphasize that this parameter also immediately defines
the phase difference “ collected” within the length L of
the spin transistor channel,

0 = LAke= (An/n;)./n;/2.

Thevalues of Any/n, calculated within the three-band
approximation, as well as the values of o calculated
from Any/n; using approximation (6), are shownin Fig. 3.
As the number of the populated 2D subbands (see
Fig. 1), thevaue of An,/n; and the run of its dependence
on concentration are very sensitive to the substrate type
and doping level. Although the absolute value of the
splitting AE via the Rashba mechanism increases with
n, the relative splitting AE/E: and the polarization
degree in the inversion layer (p-type substrate)
decreases especially in the region of small n;. Thisis
related to an additional (most significant at small n,)
contribution of the electric field caused by the depletion
layer charge (Ngep = (1.3-1.5) x 10%2 cm) to the split-
ting. We note that the Rashba parameter at the Fermi

level o = /TtA2(./n_ — /n, )/m (calculated in approx-
imation (6)) increases in this case. In contrast, in the
accumulation layer, the splitting AE and An/n; are
smaller than in an undoped material dueto field screen-
ing by the degenerate gas of continuum electrons. As
the subband concentrations increase, the contribution
of these competing factors decreases. In the region of
rather high n,, when the parameters of the space-charge
region are mainly controlled by 2D electrons, the dif-
ferencesin AE, An/n;, and o decrease for theinversion
and accumulation layers, approaching the correspond-
ing values for undoped InAs (Fig. 3).

As was mentioned above, the phenomenological
parameter a is not a sufficiently good characteristic of
the Rashba effect in the Kane-type semiconductors
(where this phenomenon was observed experimentally)
due to the strong energy dependence and the approxi-
mations used to describe the spectrum. This is illus-
trated by the concentration dependences of o shownin

Fig.4 and calculated from the values n; and n;” for var-

ious Kane approximations and at various analytical
approximations of the spectrum E(k). Only in the
region of extremely small band bendings, when the
effects of nonparabolicity are weak, the parameter o
does not significantly depend on the type of approxima-
tion. As the surface QW deepens, approximations (5)
and (6) yield, respectively, smaller and larger values of
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O in comparison with the simplest parabolic approxi-
mation. Within the latter, the Rashba parameter is
weekly sensitive to n,, i.e., to the electric field near the
surface. As aresult, the dependences of a. on the elec-
tric field applied to the MIS structure (the most impor-
tant parameter from the viewpoint of the implementa-
tion of afield-effect transistor), calculated on the basis
of approximations (5) and (6), significantly differ.
Approximation (5), which is linear in k, predicts a
decrease in ap as n, increases at n; < 2 x 10 cm?,
whereas approximation (6) (closest to the numerical
calculation results) yields an increase in the Rashba
parameter with the field. Asin the case of the parame-
ters AE and Any/n;, the two-band approximation yields
an overestimate of o by more than 1.5 times; however,
this approximation retains almost unchanged depen-
dences of ag(n,).

Theresults of calculations are comparedin Fig. 4 to
the experimental data [7] obtained by measuring the
subband populationsin approximation (5) with the dis-
persion parameters of a nonsplit spectrum, which were
calculated by the authors of [7] using the two-band
model for the approximation of a triangular potential
well. In spite of the fact that the experimental values of
o conform quite well to the data we calculated at the
lowest (in the range studied in [7]) concentrations, the
calculated concentration dependence ag(n;) is weaker
than that of [7] by an order of magnitude. Such pro-
nounced disagreement cannot be caused solely by the
inadequate approximations used in [7] when calculat-
ing ag(n;). The degrees of polarization An/n; are also
two-threetimes higher than the calculated data (Fig. 3),
at least in the case of the subband concentrations, at
which such data may be extracted from the oscillatory
curvesof Fig. 1in[7].

Although there are several mechanisms which can
cause the spin—orbit splitting to increase, the causes of
such significant disagreement remain unclear. The
renormalization due to the correlation—exchange cor-
rections [13] cannot play a significant role because of
the small parameters of the electron—electron interac-
tion in narrow-gap materials. The calculations based on
theresultsof [13] yield an increasein the splitting mag-
nitude no larger than 5-15%. We note that the substitu-
tion of the zero boundary conditions used above for the
spinor components corresponding to the ' band with
the zero-flux conditions for a complete spinor [14]
yields, in general, a dightly larger magnitude of split-
ting; however, in this case the increase also does not
exceed 20-30%.

In the case of heterostructures with asymmetrical
QWs, there exists an additional and rather significant
(probably dominant in the structureswith narrow wells)
mechanism related to the contribution of states at the
interface to the Rashba splitting; i.e., the differencein
the boundary conditionsfor various spin components of

RADANTSEYV et al.

the wave function. However, in the case of MIS struc-
tures, there are anumber of factors, in our opinion, sug-
gesting that the role of this mechanism cannot be dom-
inant. The potential barrier (higher than 2.5-3 €V) at
the interface with an insulator is much higher than in
semiconductor heterostructures, and the boundary con-
ditions are close to zero. Thus, the difference in the
boundary conditions for two spin polarizations should
also be dlight. The significant width of the QW in MIS
structures based on narrow-gap materials and the large
contribution of the field effect inside the well (in con-
trast to the heterostructures whose bandsinside the well
are almost flat) represent other factors counting in favor
of the aforementioned assumption. The latter conforms
to the results calculated in [11], showing that the influ-
ence of theinterfacein asymmetrical heterostructuresis
insignificant even at a barrier lower than 1 eV in the
case of aflat potential profile inside a well wider than
5-6 nm, which is lower than the values in the system
under consideration by almost an order of magnitude.

It is noteworthy that there are experimental argu-
mentsin favor of thisreasoning. The 2D gas parameters
in the accumulation layers we studied (see below) are
absolutely insensitive to the material used for the gate
insulator. In spite of the fact that we failed to observe
Rashba splitting, because of an insufficient number of
oscillations, the study [15] of arelated system based on
narrow-gap |11-VI compounds (HgCdTe and HgMnTe)
shows the Rashba splitting to be independent of the
parameters and even the type of insulator (anodic
oxide, SIO,, Al,Og, and Blodgett—L angmuir films). The
“Rashba polarization” An,/n; when there are equal sub-
band populations is uniquely defined by the band
parameters of the semiconductor and doping.

In this context, we note that consideration of the
boundary conditions at the interface with an insulator
encounters serious difficulties which, in some respects,
are of afundamental nature. Furthermore, there are no
reliable data on the basic energy parameters of actual
interfaces in MIS structures. As a rule, amorphous or
semiamorphous material s (anodic oxides, SiO,) or even
organic compounds (Blodgett—Langmuir films, liquid
crystals) are used as the gate insulator. In these cases,
the description of the energy spectrum of the insulator
on the basis of the symmetry classification (as a rule,
within the Kane approach) of the semiconductor energy
bands, hence, the adequacy of the calculation methods
(joining of Kane components of wave functions),
applied to semiconductor heterostructures seems to be
doubtful.

Also noteworthy is the probable contribution of
error in determining the experimental populations of
the spin subbands to the observed disagreement
between theory and experiment. The inversion layers
studied in [7] exhibited a single node of beats. How-

ever, it is easy to ascertain that the values n’ and spe-
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cifically Any/n, extracted from the Fourier spectra are
very sensitive to the range of magnetic fieldsused in a
Fourier analysis even with 2-3 beat nodes. The splitting
An/n; for the intervals between beat antinodes can
exceed that for intervals ending near the nodes by as
much as 50%. Thisfactor can have the most significant
effect (and thisis confirmed by simulation) on the con-
centration dependences of o due to the beat node dis-
placement over the magnetic field, observed in [7]. Itis
noteworthy that o isin fact independent of concentra-
tionintheregion n; = 2 x 10*?> cm?, where the oscilla-
tion amplitudesin [7] are rather high and a pronounced
splitting of the Fourier spectrum is observed.

It is somewhat unexpected that the values An/ny
determined in [7] are virtually the same as in the inver-
sion layers of narrow-gap HgCdTe (E, = 0.05-0.1 meV)
[10]. At the same time, the effect in InAsis expected to
be at least three times weaker due to significantly wider
Kane gaps and a smaller spin—orbit splitting of the
valence band (the simplest estimation may be carried
out using Eqg. (4)). Meanwhile, in the case of HgCdTe,
disagreement between theory and experiment (the
three- and two-band approximationsyield close results,
in this case, because of theinequality A > Eg) isnot far
beyond the limit of error.

We know of no experimental studies of the Rashba
effect for accumulation layers. Therefore, we prepared
and studied structures formed of Pb, anodic oxide, and
n-InAswith adonor concentration equal to the acceptor
concentration in the inversion layers studied in [7].
Since conventional galvanomagnetic methods are inap-
plicable to such structures because the accumulation
layer conductance is shunted by bulk material, mag-
netic oscillations of the capacitance were studied,
which immediately yielded data on the density of states
in the magnetic field. According to Fig. 3, the effects
calculated in the inversion and accumulation layers
dlightly differ in the region of subband concentrations
n; = 2 x 10 cm. Although pronounced capacitance
oscillations corresponding to the population of up to
three 2D subbands were observed in the structures
under study up to ~30 K, no beats caused by the Rashba
splitting were observed for any subband. At the same
time, the distribution of carriers over subbands, aswell
as the cyclotron masses determined from the tempera-
ture dependences of oscillation amplitudes, arein good
agreement with the calculated data (see Fig. 1). In gen-
eral, the absence of beats in accumulation layers does
not contradict theoretical predictions. According to the
dataof Fig. 3, inthiscase, we have An/n, = 0.02 and the
expected number of oscillations between neighboring
beat nodesis N = 1/(2An/n) = 25, whereas no more than
ten oscillations from a single subband (as in the inver-
sion layers studied in [7]) were experimentaly
observed.
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In conclusion, we will mention another methodica
advantage of the approach used for the calculation of
the 2D spectrum. As was repeatedly noted beginning
from the Ando study [16], the quasi-classical approach
is adequate to describe the 2D spectrum in surface lay-
ers of narrow-gap semiconductors using the simplest
two-band approximation (ignoring the heavy portion of
the g band). As was shown above, this approach is
valid with respect to the parameters unrelated to spin
effects. Since we are dealing with a Schrédinger-type
equation within the method used in this study, a quasi-
classical approach can aso be used to evaluate the
spinor-type effects, including interband mixing and
spin—orbit splitting. The results of such calculations (as
an example, some of them are shown in Figs. 3 and 4)
also confirm the adequacy of the quasi-classica
approximation with respect to these effects. The differ-
encesin AE, An/n;, and a, which were self-consistently
calculated both within the three- and two-band approx-
imations for identical 2D concentrations in the case of
quasi-classical quantization of the spectrumin aclassi-
caly self-consistent surface potential well, do not
exceed 1-2%. These differences are much lessthan typ-
ica experimental errors. Meanwhile, the algorithms
employed in the quasi-classical calculation are incom-
parably simpler, and the computing time is shorter by
four—five orders of magnitude. The sameisvalid for the
calculation of the differences between the “resonance
shift” of the energy levels dueto mixing of the 2D layer
states and the 3D states of the valence band by the sur-
face potential.
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Abstract—Thelow-temperature (T = 2 K) photoluminescence (PL) has been studied in Si/Ge structures grown
by MBE at alow (250-350°C) temperature of Ge deposition. The luminescence spectra change dramatically
when the average thickness of the Ge layer exceeds six monolayers. In this case, the PL line from the pseudo-
morphic layer (quantum well) retainsits spectral position and increasesin intensity at the expense of the lumi-
nescence line from islands (quantum dots), which then totally fades. The data obtained indicate a considerable
difference between the epitaxial growth modes dominating in low and conventional (500-700°C) temperature

ranges. © 2003 MAIK “ Nauka/Interperiodica” .

It is generally assumed that the epitaxy of Geon Si
proceeds via the Stranski—Krastanow mechanism: at
theinitial stage, a continuous pseudomorphic Ge layer
(wetting layer) is formed, which behaves like a quan-
tum well (QW) for holesin an Si matrix; after acritical
thickness is reached, layer-by-layer growth gives way
to the formation of self-organized nanocrystals [islands
and quantum dots (QD)] [1]. This is confirmed by
experimental studies of structures grown at epitaxia
temperatures of 500—750°C [2—4]. At the same time, it
is generally assumed that the formation of islands is
suppressed at epitaxial temperatures of 360°C or lower
[4] owing to the low diffusion rate of adatoms. This
assumption, however, contradicts the results of several
studies of islands produced at epitaxial temperatures of
200-300°C [5-7].

We present photoluminescence (PL) data for Si/Ge
structures grown at low (250-350°C) temperatures
which demonstrate anomalous behavior of photolumi-
nescence from the Ge QW and the QD in Si: as the
average thickness of the deposited Ge layer increases
within a certain range of thicknesses, the QD emission
intensity decreases with a simultaneous enhancement
of the QW emission.

Structures with Ge layers 6-9.5 monolayers (ML)
thick in Si were grown in Katun machines (at the Leb-
edev Physical Institutein Moscow and at the I nstitute of
Semiconductor Physics, Siberian Division, Russian
Academy of Sciences, Novosibirsk, Russia) and in a
Riber Siva 45 machine (at the Institute of Semiconduc-
tor Physics, University of Linz, Austria). All the sam-
ples comprised 4-5 Ge layers separated with [100] Si
layers of 10 nm (Katun, 300°C) or 25.5 nm (Riber, 250
and 350°C) thickness. An exception was the sample
with a single Ge layer with an average thickness of

9.5ML (300°C). In severa samples used for studies
with atomic-force microscopy (AFM), the upper Ge
layer was not covered with Si.

Figure 1 summarizes the data obtained; it shows the
energy position of the zero-phonon PL line as a func-
tion of the average thickness of the deposited Ge layer.
In the same figure, data from [2] for a deposition tem-
perature of 740°C illustrate well-known concepts: with
the beginning of island formation, the WL thicknessis
stabilized (the position of the QW PL line remains vir-
tually unchanged), and the deposited excess Ge gathers

Band energy, eV

| 1:‘ 350°C_ o— 250°C
: 740°C [2] D—u:\:;o:f)oc
L.OF ™ Theory [8]
0.9 f’.\‘
0.8+
.
0‘7 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 1011 12

Ge, ML

Fig. 1. The energy of zero-phonon PL lines vs. the average
thickness of Ge layers deposited at different temperatures.
Data: (top) QW and (bottom) QD.
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Fig. 2. Low-temperature PL spectraof Si/Ge structureswith
Ge layers deposited at 250°C, with an average thickness of
(1) 6ML and (2) 8ML. Recorded at T = 2 K. In the high-
energy portion, spectrum 2 is shifted up in respect to the
axis. QW-TO and QW-NP, respectively, are the phonon
(Si) and zero-phonon emission lines of the QW. QD isthe
QD emission line. BE-TO and BE-TO complex, respec-
tively, are the phonon lines from bound excitons and bound
exciton complexes in Si; FE-TO is the phonon line from
free excitonsin Si; ehl is the emission line from electron—
hole dropletsin Si.

into islands, which change their shape in the course of
growth; they are then penetrated by misfit dislocations
and stop luminescing.

On the whole, the data we obtained for the epitaxial
temperature of 350°C are in agreement with commonly
accepted concepts: at a certain thickness of the depos-
ited layer (in our case, 6 ML), emission is observed
from the QW and QD simultaneously; as the thickness
of the deposited layer increases, the QW emission dis-
appears, the QD emission line shifts to alower energy,
and the intensity of the latter decreases steeply (which
is seen from PL spectra not presented here).

The samples grown at Ge-epitaxy temperatures of
300 and 250°C show the opposite behavior: as the Ge
layer thickness increases, the QD emission disappears
and the QW emission is still observed and even grows
inintensity. For example, for structuresgrown at an epi-
taxial temperature of 250°C, emission related to islands
(QDs) is observed from a sample with an average Ge
thickness of 6 ML; when the average thickness
increasesto 8 ML, the QD PL disappears and the inten-
sity of the QW emission increases (Fig. 2).

It is noteworthy that, in the energy range related to
emission from electron—hole dropletsin Si (1086 meV,
ehL inFig. 2), the luminescence observed is excessive
with respect to that observed when the structure is
excited from the substrate side. This effect is
observed, to a lesser or greater extent, in all of the
structures studied.

Figure 3 presents the emission spectraof samples 1—
4, which were grown on the Katun machine at a Ge-epi-

BURBAEYV et al.
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Fig. 3. PL spectraof Si/Ge structureswith Ge layers grown
a 300°C. Recorded at T = 2 K. Average thickness of the Ge
layersin the structures: (1) 6, (2) 8.5, (3) 8.5, and (4) 9.5 ML.
Spectra 2, 3, and 4 in the high-energy portion and spectra 1
and 2 in the low-energy portion are shifted up in respect to
the axis. D, and D, are lines of emission from dislocations.
Other designations are the same asin Fig. 2.

taxy temperature of 300°C. Asin the preceding case of
250°C, emission at energies of ~ 800 meV, which can
be attributed to islands, is observed for structures with
thinner Ge layers. In the range of QW emission (1000—
1100 meV), samples 1, 2, and 3 show virtually identical
characteristics of QW emission, despite the admittedly
different Ge layer thicknesses (samples 1 and 2) and the
inevitable technological scatter (samples 2 and 3 were
grown on different machines). The zero-phonon line
has precisely the same energy (1080 meV) for all three
samples, and its width does not exceed 1 meV, asindi-
cated by more detailed measurements. This circum-
stance indicates an extremely high uniformity of the
pseudomorphic layer formed under the given condi-
tions. Inthiscontext, it isno coincidence that the exper-
imental energy positions of the QW emission lines cor-
respond with those calculated in [8] for an integer num-
ber of monolayers: 2 ML at an epitaxia temperature of
250°C and 3 ML at 300°C (Fig. 1). The available data
do not alow us to select a single reason for the occur-
rence of this process. A combination of conditions may
be important here: temperature, duration, and configu-
ration of the process, and even the amount and type of
uncontrollable impurities introduced during epitaxy.
Here, it is worth noting that the phonon replica of the
QW lineinthe PL spectrum related to a Ge phonon was
observed earlier only in structures intentionally doped
during epitaxy [9].

The cessation of QD luminescence with an increase
in the amount of deposited Ge suggests that the area of
the solid pseudomorphic layer (QW) grows due to
recrystallization of the bases of the islands, which may
be induced by their coalescence upon an increase in
density. It necessary to note that, when islands have a
small size, the bases cover the entire surface of a struc-
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ture even when there is a small amount of deposited
materia: e.g., only 25 ML suffices for pyramidal
islands with a 10-nm base. The AFM surface image of
one of the samples (8.5 ML and 300°C, see spectrum 3
in Fig. 3) shows a continuous profile with a typical
period of ~30 nm, which presumably results from
complete coverage of the surface with islands and
their coalescence, which is also confirmed by the
small (~0.5 nm) depth of the profile. It may be assumed
that at an epitaxial temperature below 350°C, the
deposited layer grows according to the Volmer—\Weber
mechanism, whereby islands start to appear even at the
initial stage of growth, without the formation of a wet-
ting layer. A similar change in growth mechanisms,
from Stranski—Krastanow to Volmer—\Weber, has been
observed, particularly when InAs was deposited on Si
at temperatures below 400°C [10].

The entire set of data obtained indicates that the
mechanism of Ge growth on Si changes substantially
when the MBE temperature is lower than 350°C.
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Abstract—The structural and optical properties of ultrathin Geinsertionsin an Si matrix were studied. Transmis-
sion electron microscopy revealed the spontaneous formation of arrays of disk-shaped quantum dots (QDs) with
asmall lateral size (3-10 nm) at anominal Ge insertion thicknesses, from submonolayer to nearly critical, for the
transition to 3D growth by the Stranski—Krastanow mechanism. Optical study revealed type-1 band alignment in
these structures, which results from the strong contribution of the electron—hole Coulomb interaction overpower-
ing the repulsion potential for an electron existing in the Ge conduction band. The small lateral size of QDs lifts
the selectionrule 2p ohibiting indirect recombination in the inverse k space. At the same time, the high surface den-
sity of QDs (1012-103 cm™) and the possibility of their stacking with the use of ultrathin Si spacers alows the
obtainment of an ultrahigh volume density of QDs (up to 10*° cm), which is necessary to achieve stimulated
emissionin Si. A sample with stacked QDsformed by 0.7-nm-thick Ge insertions exhibited a superlinear increase
of the photoluminescence (PL) intensity, accompanied by narrowing of the PL line. The doping of Ge-Si struc-
tures with donors allows for adrastic increase in the PL intensity at high temperatures, which prevents depletion

of the active region in weakly localized electrons. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Ongoing interest in Si/Ge nanostructures is due to
considerable progress in the development of new
devices based on nanoheterostructures with size quan-
tization [1]. The successful design of transistors, photo-
detectors and emitters of light, operating on intrasub-
band transitions in quantum wells (QW), should be
noted. At the same time, numerous attempts to derive
effective emitters of light, relying on band-to-band
transitions in QWSs in a given system, have failed. In
this case, effective Si/Ge emitters of light, lasers espe-
cially, might potentially ensure the most direct integra-
tion of silicon technology with optoelectronic data
transmission systems, both within a single silicon chip
and in telecommunication applications.

As shown earlier, the use of Si/SiGe QWs does not
noticeably reduce the time of radiative recombination
[2]. Further, owing to specific features of the band
structure and the character of strains in coherent
Si—-Ge QWs, the Ge-Si heterojunctionisof typell [3],
and the overlap of the electron and hole wave func-
tions is reduced not only in k-space, but also in real
space. The spatial separation of electrons and holes at
the heterojunction results in a characteristic short-
wavelength shift of the photoluminescence (PL) line
with an increase in excitation density, whichistypical
of type-Il QWs|[2, 3].

In recent years, active studies aimed at enhancing
PL efficiency were devoted to the application of 3D

SiGe and GeSIC/Si QDs obtained in the Stranski—
Krastanow (SK) growth mode on the Si surface [4].
However, the large size of SK QDs, combined with a
high Ge content, resultsin even stronger spatial separa-
tion of the wave functions of ahole localized in a Ge
QD and an electronlocalized in an Si matrix. The struc-
tures also exhibit a strong short-wavel ength shift of the
luminescence from an SK QD as the pumping intensity
rises, whichistypical of type-1l QDs[5]. Therelatively
large QD size (=10 nm) demands that relatively thick
(=10nm) Si spacersbe used. The surface density of SK
QDsisabout 10°-10° cm2, and the maximum volume
density of SK QDs is aso very low (10'°-10'¢ cm3).
Such alow density creates problemsfor realizing lasing
even for direct-gap QDs in an INAs-GaAs system [6].
Further, the band structure in the k-space of Si varies
only dlightly, because the characteristic size of hole
localization in real space strongly exceeds the Bohr
radius of ahole.

It should be noted that there exists another class of
QDs produced by ultrathin [7, 8], e.g., submonolayer,
insertions of a narrow-gap materia in a wide-gap
matrix [9]. The characteristic lateral size of these QDs
is much smaller and their density is much higher than
those for SK QDs[9]. The possihility of densely stack-
ing these QDs enables ultrahigh modal gain (up to
10*-10° cm™) in wide-gap direct-gap materials whose
exciton has asmall Bohr radius [9].
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Fig. 1. Cross-sectional TEM images of structures containing (a) submonolayer (0.07 nm) and (b) monolayer (0.136 nm) Ge inser-

tionsina$Si matrix.

For the Ge-Si system, fabrication of QDs of this
kind, if possible, will resolve al the basic problems of
optoelectronic applications. First, asmall (3-5 nm) lat-
eral QD size effectively lifts the momentum selection
rule for radiative recombination with el ectrons from the
indirect minimum of the conduction band. At the same
time, the repulsive potential in the conduction band
appears to be weak, which allows the localization of an
electron and hole in the same spatial region [10].

As shown earlier in the case of ultrathin type-Il lay-
ers, the effective localization of an electron on a hole
can be achieved even on the basis of type-ll hetero-
structures with a high potential barrier in the conduc-
tion band [10]. Thisis so because the Coulomb attrac-
tion of an electron exceedsits repulsive action at a cer-
tain small thickness of the barrier. Indeed, a short-
wavelength shift of the PL line with arise in pumping
power is absent in the case of ultranarrow Ge insertions
in an Si matrix [2]. In addition, the use of ultrasmall
QDs simplifies the electron localization in contrast to
the QW case, because the barrier strength decreasesin
the lateral direction.

In this study, we propose the optoel ectronic applica-
tion of ultrasmall QDs grown by depositing Ge layers
with athickness below the critical one, which is neces-
sary for the transition to 3D growth by the SK mecha-
nism. We demonstrate that, under certain deposition
conditions, ultradense arrays of QDs are obtained, in
which, with account taken of the Coulomb interaction,
both adirect gap structurein real space and amaximum
delocalization of the hole wave function in k-space are
realized, which favors radiative recombination. Finally,
an ultrahigh density of QDs can be obtained in these
structures for achieving sufficiently high gain for las-
ing. Dense QD arrays can be closely stacked along the
growth direction, this being another key advantage for
achieving the necessary high gain.

Itisalso shown that the doping of structures with Sb
suppresses depletion of electrons in the active medium
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and significantly enhances the efficiency of radiative
recombination. The possibility of obtaining stimulated
emission from Si—Ge structures is discussed.

2. EXPERIMENTAL

The samples under study are periodical Ge inser-
tions in an S matrix deposited on a 100-nm-thick
buffer layer grown by MBE at a substrate temperature
of 600°C. Two types of superlattices were grown. The
first comprised 20 layers of submonolayer Ge insertions
of varied thickness separated with 4- to 5-nm-thick Si
spacers; the effective thickness of Ge layers in the
structures varied from 0.07 to 0.14 nm. The other type
of superlattice, comprising 10 periods, included 0.5- to
0.7-nm Ge layers separated with 11-nm-thick Si spac-
ers. These spacers consisted of 9 nm of undoped Si and
2 nm of Si doped with 5 x 106 cm= Sb at their centers.
The undoped and doped superlattices were grown at
temperatures of 750 an 700°C, respectively. To prevent the
segregation of Sb, the spacers were grown a 600°C. The
growth rate for S and Ge was 0.05 and 0.005 nm s,
respectively. The total vapor pressure in the MBE
chamber was not less than 5 x 10~ Torr. Growth was
monitored by recording RHEED patterns. The initia
(2 x 2) reconstruction of the S surface was preserved
during the growth, with only a dight broadening of the
principal reflections being observed, irrespective of the
growth temperature. Thus, even in upper layers, no
appreciable density of 3D idandswas formed by the SK
mechanism. The TEM study was performed using a
JEM 4010 electron microscope with a400-kV accel erat-
ing voltage. The PL wasexcited withanAr-ion laser (A =
514.5 nm) and detected with a cooled Ge photodiode.

3. RESULTS

Figure 1la shows a cross-sectional TEM image of a
structure containing submonolayer Ge insertions with
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Fig. 2. Schematic band diagram of a multilayer structure
with Geinsertionsin a Sl matrix.

an effective thickness of 0.07 nm, grown at a substrate
temperature of 650°C. The thickness of Si spacers
between the Ge insertions was 4.4 nm. In order to ana-
lyzethedistribution of Ge atomsin each layer, a specia
digital analyzer of HRTEM images is necessary. Anal-
ysis shows that the Ge insertions do not constitute a
solid layer; instead, a high density of nanodomain for-
mations 3-5 nm in size with a surface density of =5 x
10" cm is observed [11, 12]. Furthermore, local 3D
islands with a specific size of about 10 nm are formed.
In the case of Ge insertions with a thickness of about
one monolayer (ML) or more, thetypical lateral size of
ananodomain was 7-10 nm.

Figure 2 schematically shows the band diagram of
the structures under study. The Ge insertions form
potential wells in the valence band and potential barri-
ersin the conduction band of the Si—-Ge system. In mul-
tilayer structures, minibands are formed in the Si con-
duction band, with the wave function of the electron
having a minimum near the Ge insertions. When non-
equilibrium holes captured by the Ge potential wells
appear in the Si matrix, an additional Coulomb poten-
tial isformed, which attracts an electron to ahole. Since
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the Coulomb energy in Si israther high (14.7 meV) and
the barrier in the conduction band is comparatively
low (<100 meV [3]), an electron can be effectively
localized in the Coulomb potential of a hole in the
Geregion, as shown in the general case for ultranar-
row type-11 QWs.

Figure 3 shows typical PL spectra of a sample with
asubmonolayer (0.1 nm) Geinsertion in the Si matrix.
PL spectral lines related to acoustical and optical
phonons of the Si matrix are observed, as are lines of
PL from Geinsertions (GeNP, Ge™, and Ge™°) peaked
at 1.121, 1.064, and 1.004 eV, respectively.

An interesting distinction of submonolayer Ge
insertions is the long-wavelength shift of the PL lines
related to the Ge QD asthe excitation density increases.
In this situation, at low excitation densities, the zero-
phonon PL line lies at an energy close to that expected
from the dependence of the PL energy on the thickness
of Geinsertions, whichwasabtained in[13]. An energy
shift with pumping was not observed in structures with
a Ge insertion thickness dlightly exceeding 1 ML,
which was also stated earlier [2]. The lack of a shift
indicates the absence of spatial separation between
electrons and holes and confirms the validity of the
type-l QD model. The long-wavelength shift with an
increasein the excitation density, which is observed for
submonolayer insertions, is evidently due to the forma-
tion of multiple-exciton complexes associated with a
QD. This once again emphasizes the increasing role of
the Coulomb attraction between electrons and holesin
the case when the repulsive action of the Ge potential
barrier in the Si conduction band becomes weaker.

A characterigtic feature of the Ge-Si PL spectrais
fast thermal quenching. In our opinion, this feature is
associated with thermal emission of weakly localized
electrons and their subsequent nonradiative recombina-
tion on the surface and in the bulk of the Si substrate.

1
1.05

1.10

1 1 ]
1.15 1.20 1.25
Photon energy, eV

Fig. 3. The dependence of PL spectra on the pumping density for a structure with submonolayer QDs (0.74 ML of Ge) at 15 K.
NotaNorth%/ isthe long-wavel ength shift of the PL lines with increasing excitation density: (1) 1000, (2) 150, (3) 50, (4) 25, and (5)

1ISWem™.
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Fig. 4. The dependence of PL spectra of a Si—Ge structure
doped with Sb as the donor_impurity (3.7 ML of Ge, the
excitation density 50 W cm‘z) on the observation tempera-
ture: (1) 18, (2) 50, (3) 130, (4) 170, (5) 210, (6) 230,
(7) 250, and (8) 300 K.

Even relatively weak doping of the active region of a
structure with a donor impurity (with an average con-
centration of =10'® cm), which gives rise to a moder-
ate density of equilibrium electrons, dramatically
enhances the PL intensity and enablesit to be observed
up to room temperature. Figure 4 shows the tempera-
ture dependence of PL spectra. The long-wavelength
shift of the Ge PL line is evidently weaker than that of
the Si line. Thisfact, observed in al the samples (with
submonolayer or monolayer insertions, doped or
undoped), and the lack of a short-wavelength shift with
increasing excitation density presumably indicate that
the electron miniband in Si isthermally filled with el ec-
trons as the temperature rises. To counteract this effect,
the donor doping level should beraised substantially, to
the point of degeneracy.

The high intensity and temperature stability of the
PL in doped samples with Ge-Si QDs alowed us to
observe a narrowing of the PL line as the observation
temperature decreased at high excitation densities, or as
the excitation density increased at a fixed temperature
(Fig. 5). The narrowing of the PL line is accompanied
by a dramatic rise in the integral PL intensity. This
effect is observed in the vertical direction and only in
the samples with a polished back surface. This may
indicate that stimulated emission is obtained in a verti-
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Fig. 5. The dependence of PL spectra of Si—Ge structures
doped with Sb as the donor impurity on the observation
temperature: (1) 30 and (2) 60 K. Insert: similar spectra at
15K (5.1 ML gof Ge). The excitation density: (1) 432 and
(2) 186 W cm™.

cal Si cavity with an active region of dense stacked
arrays of Ge QDs.

4. CONCLUSIONS

The structural and luminescent properties of struc-
tures with dense arrays of high-density Ge dots have
been studied. As shown, these structures are arrays of
type-l QDs. The doping of QDs alowed us to obtain
high PL intensity at el evated temperatures and superlin-
ear growth of the PL intensity with arise in the excita-
tion density, which may indicate the occurrence of
stimulated emissionin Si—Ge heterostructures. Presum-
ably, the use of ultradense arrays of small-size Ge-Si
QDs heavily doped with donor impurities will enable
lasing in Si—Ge structures at room temperature in the
near future.
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Abstract—Monte Carlo simulations of electron transport in Al,Gg; _ ,AsGaAd/|

n,Ga; _,As double-quantum-

well heterostructuresin high lateral electric fields are carried out. It is shown that, under the conditions of inter-
valley 'L electron transfer, there exists a population inversion between the first and the second quantum-con-
finement subbandsin the ™ valley. The population inversion appearsin the fields exceeding 4 and 5.5 kV/cm at
77 and 300 K, respectively. The gain in a superlattice composed of such quantum wells is estimated to be on
the order of 100 cm™ for radiation with awavelength of 12.6 pm. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In cascade lasers [1], population inversion between
guantum-confinement subbands is achieved viatunnel-
ing injection of the charge carriers in the upper sub-
band; this mechanism of population inversion in quan-
tum wells (QWSs) was considered for the first time by
Kazarinov and Surisback in 1971 [2]. In the “fountain”
laser [3], population inversion between subbands
occurs due to light-induced transitions of electrons to
the upper quantum-confinement subband. A number of
mechanisms leading to the population inversion
between the subbands are related to electron heating in
a high electric field oriented paralel to the QW layers
(see, eg., [4, 5]). In particular, it was suggested that
population inversion may result from the intervalley
=X transfer in GaAs/AlGaAs heterostructures. How-
ever, Monte Carlo simulations indicate that, in this
case, population inversion can be attained only in elec-
tric fields well above the threshold for the Gunn effect
(~8 kV/cm) [6]; this hinders the implementation of
such a scheme.

In this paper, we consider another possible method
for the attainment of population inversion between sub-
bands; thismethod relieson theintervalley ML transfer
of hot electrons in double QWs. The fields required to
attain population inversion in the 'L scheme are much
|lower than those in the '-X scheme, which is an advan-
tage of the former. Monte Carlo simulations of electron
transport indicate that the population inversion between
the first and the second quantum-confinement subbands
inthel valley takes place in the fields above 4 kV/cm
at theliquid-nitrogen temperature and above 5.5 kV/cm
at room temperature.

2. A MODEL FOR ELECTRON TRANSPORT
IN A PAIR OF TUNNELING-COUPLED
QUANTUM WELLS

The structure under consideration consists of two
tunneling-coupled QWs for electrons both in the " and
inthe L valleys (see Fig. 1d). The wave functions of the
-valley electrons in the two lowest quantum-confine-
ment subbands are localized in different QWs and,
thus, the electron transfer between subbands ™, and I,
due to scattering by polar optical phonons is sup-
pressed; it is this scattering mechanism that is mainly
responsible for the relaxation of the population inver-
sion and brings about the need for high electric fieldsin
the M'-X laser. A significant feature of this structure
should be noted: the wave function of the lowest L sub-
band (L,) islocaized in the same QW asthe wave func-
tion of the I', subband. Because of this circumstance,
the overlap between the wave functions of subbands L,
and I, is substantially larger than the overlap between
the wave functions of the first L and ' subbands (see
Fig. 1b). Thus, in high lateral fields, when thefilling of
the statesin subband L, setsin, the electrons from these
states are scattered mainly to the I', subband, which
leads to population inversion between the second and
the first ' subbands. This advantageous band structure
can be realized due to the presence of a Iny,5Gay75AS
aloy layer, which forms (with respect to GaAs) awell
for the electrons in the I valley and a barrier, in the L
valley.

This alignment of the L valleysin the InGaAs alloy
with respect to GaAs (which is crucia for the mecha
nism of population inversion under discussion) follows
from recent measurements and calculations of the
energy positionsof L and I valeysin InAs[7, 8]. We
assumed the energy spacing between " and L valleysto

1063-7826/03/3702-0215%$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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Fig. 1. (8) Energy-band diagram and (b) electron wave func-
tions in a system of two tunneling-coupled quantum wells.
Energies are measured from the bottom of the GaAs con-
duction band. The profiles of the conduction-band bottomin
I and L valleys are drawn by solid and bold-dashed lines,
respectively. The heterostructure layers are composed of
Alg 4GaggAs (regions 1, 3, and 5), GaAs (region 2), and
INg o5Gag 75AS (region 4). The thicknesses of layers 2, 3,
and 4 are 39, 25, and 30 A, respectively.

bel.1and0.29 eV inInAsand GaAs, respectively. The
I" band-edge offset at the In,Ga, _,As heterointerface
was assumed to be 0.63y eV. To calculate the I'- and
L-band offsets at the GaA /| n,Ga, _,As heterojunction,
linear interpolation in y was used. The energy positions
of thel and L valleysin Al,Ga, _,As alloy were taken
from [9].

The spectrum and the wave functions of the ™ -valley
electrons in the Al,Ga, _,AsInGa _,As heterostruc-
ture with such a pair of tunneling-coupled QWs were
calculated by solving the Schrodinger equation in the
Kane model approximation. The electron statesinthe L
valey were determined using the effective-mass
approximation Hamiltonian. The transverse m, and the
longitudinal my effective masses of electrons in the L
valley in all layers were taken to be 0.075 and 0.19 of
the free-electron mass, respectively. The axes x, y, and
z of the coordinate system were oriented along the crys-
tallographic axes [100], [010], and [001]. We assume
that the growth axis of the structure coincides with the
z axis and, thus, the four L valleys are equivalent.
Assuming that the motion in the xy planeisinfinite, we

ALESHKIN et al.

can writethewave function of an electron intheith sub-
band of thevalley a (wherea =T, L) as

1l _ « .
— @, (2)exp(ikr), 1
7 (z)exp(ikr) D
wherer and k are the in-plane radius vector and wave
vector of an electron, respectively; and Sis the area of
the structure. For the case of electronsin the L valley,
we omitted the insignificant phase factor expig(k,, k,)z,
where g(k,, k) isalinear function of k, and k. The cal-

culated wave functions (labeled by ®;) and quantum-

confinement levels are shown in Fig. 1. The depen-
dences of the I-valley effective electron masses in
AlGaAs and InGaAs alloys on the Al and In content,
which arerequired for this cal culation, were taken from
[7,8].

Weignorethe effects of nonparabolicity in our treat-
ment of electron transport in the QW plane. Thus, we
assume that the energy of an electron in theith subband

of the valley o equals E;' + A2k%/2m,. In this approxi-
mation, we ignore the anisotropy of the dispersion rela
tion in the L valley and use the two-dimensional den-
sity-of-state effective mass for eectrons in the L sub-

bands:
/ 2 1
m. = n}l:ﬁllh"'émH.

3. ELECTRON SCATTERING

In high electric fields, the scattering of electronsin
the structure under study mainly occurs due to their
interaction with optical and intervalley phonons. Thus,
weignored acoustic-phonon scattering, aswell as elec-
tron—electron and charged-impurity scattering, assum-
ing that the electron density is sufficiently low. In our
consideration of electron scattering by polar optical
phonons, we assumed that the phonon dispersion rela-
tion is the same as in bulk GaAs. In addition, we
assumed that the phonon gas is in equilibrium and is
characterized by the temperature of the crystal. To cal-
culate the probability of electron transitions due to scat-
tering by polar optical phonons from the ith to the jth
subband in the valley a, we used a conventional
approach [10], which yielded the following expression
for the probability density of such atransition:

Wi =

W Gk, ;) = 2TV, k) N+ 5 50

ij
()
o o BK-K)
Xéaii —Ej +T+ﬁwq].

Here, k; isthe wave vector of the electron in the ith sub-
band; q is the wave vector of the optical phonon; the
upper and lower signs correspond to phonon emission
and absorption, respectively; #w, is the longitudinal
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optical phonon energy; and N, is the number of longi-
tudinal optical phonons with the wave vector g,

1

Ny = exp(fhwy/kgT) =1’

where kz and T stand for the Boltzmann constant and
the temperature, respectively. The squared matrix ele-
ment of the electron—phonon interaction operator can
be expressed as[10]

2
o 2 _ e ﬁ(k)o o a*
Vitkkl' = e [[endt@er @)

x O (2) D (z)) exp{—|z—z||k; —k;[} ,

where € = (Ve,, — Uey)™, withe,, and g, being the high-
frequency and low-frequency dielectric constants of
GaAs, respectively.

In Figs. 2a and 2b, we plot the electron-energy
dependences of the rates of intrasubband and intersub-
band optical-phonon scattering at liquid-nitrogen tem-
perature (T = 77 K) (labels with superscripts OA and
OE indicate the transitions accompanied by phonon
absorption and emission, respectively):

vij(e) = Z Wi (ki, k) + Wi (K, kI,
Ki

’ s (4)
hoki

Since the dominant scattering process at this tempera-
ture is the spontaneous phonon emission, the scattering
rate as afunction of the electron energy hasathreshold.
Note that the scattering rate decreases with increasing
electron energy, which is caused by an increase in the
average wave vector of emitted phonons.

The rates of electron transitions from the ith sub-
band in the valley a to the jth subband in the valley 3
dueto intervalley-phonon scattering were calculated by
the formula

o _ DagMpry | 1, 17 |07 (2)"|0%(2)|dz. (5)

1] ZpﬁZQ q 2 - Z] | J )

Next, we took into account the electron scattering by
intervalley phonons from the ith subband in the valley
a to the jth state of the continuum (three-dimensional
states) in the valley 3,

cap _ DogMp J/EFAQ-A
i 3
21ph~Q
N2mph ©)

«Hg+ 3= Fflor @l ofa) e

\Y
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Fig. 2. The rates of (a) intrasubband and (b) intersubband
electron transitions at liquid-nitrogen temperature due to
scattering by optical and intervalley phonons as a function
of total electron energy. Labelswith superscripts OA and |1A
correspond to the transitions caused by optical and interval-
ley phonon absorption, respectively; those with superscripts
OE and |E, to the transitions caused by optical and interval-
ley phonon emission.

aswell asthereversetransitionsfrom theith state of the
continuum in the valley a to the jth subband in the val-

ley 3
cap _ _DapMy
' 2phialL,

xR+ 3 %J’|q>?(z)|2|q>§‘(z)|2dz.

(7)

In the above expressions, D is the intervalley-cou-
pling constant [11], £Q is the energy of the intervalley
phonon, p isthe material density, E; isthe total energy
of the electron in theith subband, A is the energy spac-
ing between the ith subband and the continuum, mg is
the density-of-states effective massin the valley 3 (with
the number of equivalent valleys taken into account),
and L, isthe period of the structure (we assume that the
structureis periodic). In this approximation, the scatter-
ing probability is independent of both the electron
kinetic energy (except for the case of electron transi-
tionsinto the states of the continuum) and the scattering
angle. The calculated rates of different intrasubband
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Fig. 3. Dependences of electron distribution functions at
T =77 K in the two lowest I subbands and the first L sub-
band on the total electron energy for two different values of
the electric-field strength; the curves are obtained from
Monte Carlo simulations of the electron transport.

and intersubband electron transitions at liquid-nitrogen
temperature due to scattering by intervalley phonons
are shown in Figs. 2a and 2b, respectively (labels with
superscripts 1A and IE indicate transitions due to
phonon absorption and emission, respectively).

Note that the rates of intersubband transitionsin the
I valley are two orders of magnitude lower than the
rates of the intrasubband transitionsin the L valley, and
therates of thetransitionsfrom L, to the ", subband are
six times higher than the corresponding rates of transi-
tions from L, to the I'; subband and three times higher
than therates of intersubband transitionsinthel” valley.
The rates of the transitions from the I' valley to the L
valley are one and a half orders of magnitude higher
than the rates of the reverse transitions and are compa-
rable to the rates of intrasubband transitions in the I
valley. Thus, due to phonon scattering, electrons heated
in a high electric field will accumulate in the L, sub-
band, from which they will be transferred mainly to the
I", subband. Owing to the suppression of the transitions
between the lowest I subbands, the electron flow from
I, toM; issmall, which favors the appearance of popu-
lation inversion between these subbands.

4. RESULTS OF ELECTRON-TRANSPORT
SIMULATIONS

The distribution functions and concentrations of
electrons in different subbands, as well as the average
drift velocity of electrons, were calculated using the
Monte Carlo method. Electron transitionsto all I and L
subbands were taken into account. In addition, transi-
tionsto the states of the continuum in the L valley were
considered because the difference in energy between
the continuous spectrum and the upper L subband is
small. Transitions to the continuum states in the I" val-
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Fig. 4. Electric-field dependences of the relative electron
concentrations n/ng in the two I subbands and the first L
subband and of the average drift velocity of electronsV in
the structure under consideration at T = 77 K; the curves are
obtained from Monte Carlo simulations.

ley were disregarded, since they appear in the energy
region corresponding to the L valleys.

The calculated distribution functions of electrons
over their total energiese in thetwo lowest I' subbands
and in the lowest L subband are plotted in Fig. 3 for two
different values of the electric field. One can seethat the
distribution function in the second I subband has a
small peak near 0.31 eV. This feature can be attributed
to intense electron transitions from the lowest L sub-
band due to the intervalley-phonon scattering (Fig. 1).
The distribution function in the first I subband has no
such features, because the rate of the corresponding
trangition islow (Fig. 2). Indeed, in high fields, alarge
number of electrons from the L valley undergo a high-
probability transition to the second I' subband with the
emission of an intervalley phonon. This leads to a con-
siderable transfer of electrons from the L valley to the
second I subband. At the sametime, the rate of el ectron
transitions from the second to the first ' subband
caused by polar-optical phonon scattering is low.

Thus, in high €electric fields, electrons are trans-
ferred from the I, to the L, subband, then from L, to L,
and from L, to the ", subband, where they are accumu-
lated; this leads to electron population inversion
between the first and the second I' subbands.

Figure 4 shows el ectric-field dependences of therel-
ative el ectron concentrationsn/nyinthetwo I' subbands
and in the lowest L subband at liquid-nitrogen temper-
ature. One can seethat, inthefieldsexceeding 4 kV/cm,
population inversion between the first and the second
guantum-confinement subbands sets in. The electric-
field dependence of the average drift velocity V of elec-
tronsin the structure under study isalso plotted in Fig. 4.
One can see that, in the fields above ~3 kV/cm, a
decrease in V takes place, which is related to the accu-
mulation of electronsin the L valley.
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Now, let us estimate the possible gain in such a
structure. An approximate expression for the gain at a
frequency w (corresponding to the transition energy
E,—E)is

4112, % (N, — Ny WT
Jeol,

Here, a = €?/7ic is the fine-structure constant; |z;,| is the
matrix element of the z operator; T is the phase-relax-
ation time, which characterizesthe spectral width of the
radiative transition between the first and the second
subbands; and L, is the characteristic length of wave
localization in the z direction. If the system is periodic
along the z axis (i.e,, if it consists of alarge number of
pairs of tunneling-coupled QWs in which the wave is
localized), its period can be taken as L,. Assuming that
wt=10,e, =13, n,—n; = 1.5 x 10"cm™=2, L, = 2 x
10-¢ cm (aperiodic structureisimplied), and z;, = 7.2 x
10-8 cm (which corresponds to the structure considered
in this study), from (8) we find that B,, = 100 cm for
the wavelength A, = 12.6 um. It should be mentioned
that, for this wavelength, the lattice absorptance in
GaAsat 77 K isbelow 0.2 cm™ [12].

For T =300 K, similar calculations yield the thresh-
old field for the population inversion E = 5.5 kV/cmiin
the"; and I', subbands and the population inversion at

E =6kV/cm (n, — ny)/n, = 10% (here, n, is the total
electron density).

It also follows from the calculations that, in high
eectric fields, the electron lifetimeinthe ", subband is
mainly controlled by the transitions to the upper states
(L subbands and the continuum states) due to heating.
In the field of 5 kV/cm, the rate of these transitions is
higher by afactor by 4 than the rate of the transitionsto
the ™ ; subband. This suggeststhat sel ective suppression
of the mobility in the I, subband (e.g., by introducing
heterointerface roughness in the QW where the wave
function of this subband is mainly localized [5]) can
lead to a reduction of heating in this subband and to a
decrease in the rate of electron transitions to the upper
states, thus enhancing electron accumulation in the I',
subband and increasing the population inversion. Alter-
natively, a structure with a thinner barrier between the
coupled QWs could be used in this case, which, for the
same level of population inversion, will result in a
larger value of the matrix element of the ', optical
transition and, consequently, in a more pronounced
laser effect.

(8)

B =a

5. CONCLUSIONS

We can conclude from the results obtained in this
study that the structure under consideration holds great
promise for developing alaser based on the intervalley
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transfer mechanism. A discussion of the detailed con-
figuration of such alaser, the ways of suppressing high-
field domains, aswell asthe competitiveness of the sug-
gested design with respect to quantum-cascade lasers,
is beyond the scope of this paper. We only mention that
an intervalley-transfer laser may comprise a hetero-
structure consisting of repeated double QWs separated
by AlGaAs barriers and grown on a semi-insulating
substrate. In such a structure, the free-carrier absorp-
tion (which is always important in cascade lasers) is
low for the TM mode. Thus, it is possible that the sug-
gested design may be implemented in a system with
low gain of the laser mode, e.g., in a structure with a
small number of double-QW periods, which implies
low threshold currents of such lasers.
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Abstract—Diamond-like carbon (DLC) films were prepared by ion-beam sputtering of a graphite target and
annealed at atemperature of 400°C in vacuum and nitrogen with oxygen admixture (about 1-2%). The Raman
and optical absorption spectra of these films were studied. Anomalous changes in the DLC films annealed in
nitrogen were detected. The optical absorptance of films in the visible range of the spectrum decreased by
approximately two orders of magnitude; the D and G lines of graphene nanoclusters disappeared in the Raman
spectra, while new narrow lines at 928, 968, and 2324 cm™, aswell as a broad line at 2200-2400 cm™, arose.
These changes were found to be reversible. Subsequent annealing of the filmsin vacuum (400°C) restored the
optical properties and Raman spectra of the samples. The results obtained are indicative of the formation of new
carbon—nitrogen nanoclusters under certain conditions of annealing of a DLC film. © 2003 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

The properties of nanostructures and nanocluster
systems significantly differ from those of bulk materi-
als. Inrecent years, these objects have attracted consid-
erable interest from the standpoint of their application
in nanoel ectronics and optoel ectronics. Basic research
gave rise to a new line of inquiry, i.e., the physics of
nanostructures. Carbon-based nanostructures, includ-
ing diamond-like carbon (DLC) films, are of particular
interest in this context (see[1]). The role of nanometer
particlesin DLC filmsis played by graphene nanoclus-
ters, from 0.5 to 5 nm in size, incorporated into a dia-
mond-like amorphous host. Size quantization givesrise
to agap in the el ectron spectrum of graphene nanoclus-
ters, which controlsthe optical absorption edgein these
materials. Therefore, the electronic properties of car-
bon films can be varied over a wide range by control-
ling the sizes and concentrations of nanoclusters. This
may be attained either by varying the conditions of film
deposition or by subsequent energy-beam treatment. A
characteristic property of these materialsis metastabil-
ity. Annealing at temperatures of ~300°C and above
results in graphitization of the diamond-like host due
to graphene nanocluster growth, which narrows the
optical bandgap, increases the film conductivity by a
few orders of magnitude, and causes characteristic
changes in the Raman spectra [2]. A similar effect is
also observed during ion implantation of diamond-
like films [3]. However, an inverse process can be
observed when bombarding with heavy ions such as
xenon [4]. Radiation defects also have a significant

effect. For example, the optical gap E,y, determined
from the Tauc dependence, becomes negative, which
is caused by alarge contribution of the band-gap elec-
tronic states (caused by nanocluster structure defects)
to optical absorptance [4].

The incorporation of impurity atoms presents
another possibility for controlling the electronic struc-
ture of graphene nanoclusters. Most of the studies in
thisline of inquiry are concerned with doping diamond-
like films with nitrogen. It has been established that
nitrogen impurity narrows the optical band gap and
activates Raman vibrational modes in infrared absorp-
tion [5]. A similar effect was also observed when dop-
ing carbon film with copper [6]. However, in contrast to
the incorporation of nitrogen into the nanocluster struc-
ture, copper atoms interact with nanoclusters in accor-
dance with the intercalation mechanism. As aresult of
chargetransfer from a copper atom to ananocluster, the
electron density becomes significantly redistributed
and nanoclusters gain metal properties.

When studying DL C films, anomalous behavior of
their optical properties in the course of annealing in
nitrogen was detected. The optical absorptance in the
visible region of the spectrum decreased by a few
orders of magnitude, and the films became virtually
transparent. Since nitrogen is aimost inert under the
annealing temperatures used in experiment (T = 400°C
and lower), the result obtained was absolutely incom-
prehensible but intriguing. Thus, this new effect called
for detailed studies.
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2. EXPERIMENTAL

Diamond-like a-C films with a thickness of d =
300 nm were deposited via ion-beam sputtering of
graphite (xenon was used as the working gas; the ion
energy was 1 keV) [7]. Fused quartz and single-crystal
silicon wafers were used as substrates. The optical gap
and the refractive index of the initial samples were
~0.8 eV and n = 1.95, respectively. We studied the opti-
cal properties and the Raman spectra (the excitation
wavelength was A = 488 nm) of the initial samples and
samples annealed at a temperature T = 400°C in vac-
uum (theresidual pressure was ~10-2 Pa) and in anitro-
gen flow. The latter was initiated by the evaporation of
liquid nitrogen containing 1-2% oxygen. The film
thickness was determined by ellipsometry. The spectral
dependence of the film absorptance in the visible and
near ultraviolet regions was determined from film
reflection and transmission spectra. Using these data,
the Tauc dependence was derived,

(aE)”? = BY(E-Eyy), (1)

where a isthe film absorptance; E isthe photon energy;
Eyr isthe Tauc optical gap, defined by the average size
of graphene nanoclusters in the film; and B is the Tauc
dependence parameter, which is proportional to the
graphene nanocluster concentration in the sample [3].

The Raman spectra of carbon films contain charac-
teristic G (graphitic, 1575 cm™) and D (disordered,
1360 cm™) lines. Both bands are related to the vibra-
tional modes of carbon atomsin graphene nanoclusters.
The ratio between the intensities of these lines is
defined by the nanocluster size; therefore, Raman spec-
troscopy allows for the determination of the average
size of graphene nanoclusters.

3. EXPERIMENTAL DATA AND DISCUSSION

Figure 1 shows the Tauc dependences for carbon
films annealed under various conditions. Annealing in
vacuum resultsin the known changesin optical absorp-
tion (narrowing of the optical gap Eyr; seeFig. 1, curve2),
which is caused by an increase in the size of nanoclus-
ters. This conclusion is confirmed by the Raman spec-
troscopy data. Figure 2 shows the Raman spectra of an
initial sample (curve 1) and a sample annealed in vac-
uum (curve 2). One can see that the spectrum of theini-
tial sampleistypical of diamond-like films. Annealing
the filmsin vacuum causestheratio of the D and G peak
intensities to increase, which is aso indicative of an
increase in the size of nanoclusters. As the dlipsometry
measurements show, the film thickness remained
unchanged, while the refractive index dightly increased
(n= 2.1 at the wavelength A = 632.8 nm).

Annealing in nitrogen proceeds in two stages. A
nanoporefilm arises at thefirst stage, whichisindicated
by a significant decrease in the refractive index (from
1.92 to 1.5). In addition, the film thickness decreases
(from 300 to 210 nm). The decrease in the film thick-
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Fig. 1. Tauc dependence for the a-C films under various
annealing conditions at T = 400°C: (1) initial sample,
(2) 1-h annealing in vacuum, (3) 10-min annealing in Ny,
(4) 35-min annealing in Ny, (5) (35-min annealing in No) +
(1-h annealing in vacuum).
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Fig. 2. Raman spectra of theinitial sample (1) and after 1-h
annealing in vacuum (2).

ness and density is caused by chemical interaction
between oxygen (contained as an admixture in the
working gas during annealing) and carbon; as a result,
carbon dioxide is produced. At this stage, annealing
also causes an increase in the size of nanoclusters,
which is indicated by the opticall measurement data
(Fig. 1, curve 3) and the Raman spectrum (Fig. 3, spec-
trum 1). In this respect, this annealing does not differ
from annealing in vacuum. A dight difference lies in
the fact that a peak from the silicon substrate emerges
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Fig. 3. Raman spectra of the samples after (1) 10-min and
(2) 35-min annealing in nitrogen.

in the Raman spectrum at a frequency of 520 cm™,
which is caused by a decrease in the refractive index
and the carbon film thickness.

At the second stage, the film becomes translucent
(see Fig. 1, curve 4) and the Raman spectrum changes
significantly (Fig. 3, spectrum 2). The G and D lines
disappear; however, several new lines arise, including
one related to nitrogen molecules. At this stage, the
spectral dependence of absorptance is no longer
described by the Tauc dependence, which is indicative
of asignificant changein the electronic structure of the
nanoclusters. Ellipsometry measurements showed that
the film thickness remains unchanged (d = 210 nm),
while the refractive index decreases to n = 1.4. The
absence of the G and D lines and the significant change
in the optical properties of the film suggest that the
graphene nanoclusters disappear. However, this is not
the case. If annealing is repeated at the same tempera-
ture but in vacuum, the optical absorption (Fig. 1,
curve 5) and Raman (Fig. 4) spectra are partialy
restored. It isworth noting that the spectral dependence
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Fig. 4. Raman spectrum of the sample after 35-min anneal-
ing in nitrogen and subsequent 1-h annealing in vacuum.
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of absorptance is again described by the Tauc law and
the optical gap becomes the same as that after 10-min
annealing in nitrogen (the first annealing stage). How-
ever, the dope of the dependence is appreciably
smaller. This means that the electronic structure of
some of the nanoclusters (approximately 2/3) is com-
pletely restored. The optical properties are completely
restored if repeated annealing in vacuum is carried out
at a temperature of ~500°C. The activation energy of
this processis ~0.064 eV.

The low-temperature and reversible character of the
observed changes in the electronic and vibrational
structure of nanoclusters with a low activation energy
of restoration indicate that the changes are related to
adsorption of nitrogen molecul es at graphene nanoclus-
ters. This process requires nitrogen molecule transport
to the nanocluster surface, which is attained owing to
nanopores formed at the first annealing stage, during
which nitrogen penetrates into the sample bulk. There-
fore, an oxygen admixture in the nitrogen flow isanec-
essary condition.

As was mentioned above, molecular nitrogen is
chemically inert at the annealing temperatures used
and, thus, cannot form a chemica bond with carbon
atoms. Therefore, the interaction between molecular
nitrogen and a nanocluster must proceed according to
the intercalation mechanism by means of electron
transport to acluster or, conversely, from acluster. The
direction of electron transport is controlled by the rela-
tive positions of the ground and excited levels of the
nanocluster and adsorbed molecule, as in the case of
adsorption, e.g., of NO, and NH; molecules at the dia-
mond film surface [8]. The ground state of a nanoclus-
ter is lower than the vacuum level by approximately
1.5-2 eV [9]. Theionization and excitation energies of
a nitrogen molecule are 15.5 and 6.1 eV, respectively;
i.e., thefirst excited state islower than the vacuum level
by 9.4 eV. Therefore, we may assumethat the electronic
systems of the nanocluster and the adsorbed nitrogen
molecule arrive at equilibrium due to electron transfer
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Fig. 5. Raman spectrum of the sample after 35-min anneal-
ing in nitrogen and subsequent 5-min annealing in vacuum.
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from the nanocluster to the nitrogen molecule. As a
result, the optical gap of the nanocluster widens signif-
icantly.

Asin the case of intercalation by copper atoms [6],
a single adsorbed nitrogen molecule is sufficient to
change the electronic structure of a nanocluster. When
the number of such molecules becomes large; i.e., the
cluster becomes coated with nitrogen molecules, its
vibration spectrum is shifted to higher frequencies (a
band in the range of 2100-2300 cm™) and an additional
vibrational mode appears (a band at 900-1000 cm?)
due to weak bonding of nitrogen molecules with the
nanocluster. The drastic change of the vibration spec-
trum indicates the formation of a new type of carbon—
nitrogen nanoclusters. On the basis of this model, the
two well-resolved peaks in the region of 900-1000 cm?
can be explained by two types of nanoclusters; theseare
most likely nanoclusters with even and odd numbers of
carbon atoms.

Figure 5 shows the intermediate Raman spectrum
observed for the samples subjected to short-term
(=5 min) repeated annealing in vacuum. One can see
that these spectra contain bands characteristic of
graphene and carbon-nitrogen nanoclusters. Similar
spectrawere observed previously in at least two studies
[10, 11]. In the former study, DL Cs doped with nitro-
gen were produced using a plasma beam source (PBS).
Anomalous behavior of the optical and electrical prop-
erties of the filmswas detected as the nitrogen impurity
concentration increased. Schwan et. al. [10] concluded
that the film deposited using the PBS technique con-
tains a substantially fewer number of graphene nano-
clusters. The results obtained in this study show that
this is not the case. The cause for thisis that the elec-
tronic structure of at least afraction of the nanoclusters
is significantly modified due to intercal ation by molec-
ular nitrogen. In [11], a similar Raman spectrum was
observed for DLC films produced by filtered vacuum
cathodic arc evaporation and the band in the region of
950 cm was attributed to the second-order Raman
spectrum of the silicon substrate.

4. CONCLUSIONS

Anomalous changesin the vibrational spectrum and
the optical properties of carbon films were detected in
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the course of annealing (T = 400°C) in nitrogen with an
oxygen admixture. These changes were found to be
reversible. Film modification was found to proceed in
two stages. A nanopore carbon filmisformed at thefirst
stage. At the second stage, nitrogen molecules diffuse
into nanopores. We suggested a qualitative model
which attributed the observed changes to interaction
between nitrogen molecul es and graphene nanoclusters
according to the intercalation mechanism with the for-
mation of a new type of carbon—nitrogen nanoclusters.
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Abstract—The effect of thermal annealing in the temperature range T, = 300-600°C of films of microcrystal-
line hydrogenated silicon (uc-Si:H) lightly doped with boron on the spectral dependences of the absorption
coefficient (o) at photon energies hv = 0.8-2.0 eV, dark conductivity (0y), and photoconductivity (Aa,,) was
studied at room temperature. With increasing annealing temperature, a nonmonotonic variation of a (at hv <
1.2 eV), o4, and Aoy, was observed. The data obtained are attributed to a change in the concentration of elec-
trically active impurities and formation of defects, caused by hydrogen effusion and bond restructuring at high
annealing temperatures. © 2003 MAIK “ Nauka/Interperiodica” .

Recently, microcrystalline hydrogenated silicon
(uc-Si:H) has been widely used to design electronic and
optoelectronic devices [1, 2]. At the same time, carrier
generation, transport, and recombination processes,
governing the parameters of pc-Si:H optoelectronic
devices, are not yet fully understood. Thisis dueto the
complex structure of pc-Si:H, which includes microc-
rystals and their boundaries, an amorphous phase, and
voids. The multiphase structure of pc-Si:H leads to a
complex space and energy distribution of localized
states, related to microcrystal boundaries and defects,
which govern the behavior of nonequilibrium carriers.
The avail able published data indicate that high-temper-
ature annealing of pc-Si:H affects both the structure of
the material [3] and the concentrations of hydrogen [4]
and defects [5] in pc-Si:H. Therefore, our study was
concerned with the effect of thermal annealing on the
optical, electrical, and photoelectric properties of
microcrystalline hydrogenated silicon lightly doped
with boron. Filmswere annealed in order to change the
structure and defect concentration of pc-Si:H and to
reveal their effect on the above-mentioned properties of
pc-Si:H.

We deposited the pc-Si:H films under study, with a
thickness of 0.7-0.8 um, onto quartz substrates via
decomposition of a mixture of monosilane (SiH,) and
hydrogen in an RF glow discharge. The substrate tem-
perature was 250°C. To improve the photosensitivity of
the films, they were lightly doped with boron in the
course of deposition [6]. Doping was carried out by
introducing diborane (B,Hg) into the reaction chamber
at avolumeratio [B,H¢]/[SiH,] of 4 x 1075, The result-
ing films were of the p-type. According to electron
microscopy, the unannealed films were composed of
columns 30-100 nm in diameter that contained crystals
3-30 nminsize. The crystalline component of the films
was 85% according to Raman spectra. uc-Si:H samples

obtained in a single growth run were then annealed in
vacuum at aresidual pressure P = 2 x 10~ Paat various
temperaturesin the range T, = 300-600°C. Ohmic con-
tacts (Au) were deposited onto the surface of the
annealed films. The contact spacing was 0.6 mm. We
carried out all measurements in a vacuum at a residual
pressure of P = 103 Pa after annealing the films at
180°C for 30 min.

Figure 1ashows spectral dependences of the absorp-
tion coefficient (a), which were obtained by the con-
stant photocurrent method for an unannealed pc-Si:H
film and pc-Si:H films annealed at different tempera-
tures. Spectral dependences of the relative change in
absorption, which is caused by high-temperature
annealing (a,/0,.,), ae shown in Fig. 1b. Here, oy,
and a .., are the coefficients of absorption of annealed
and unannealed films, respectively. Asseen from Fig. 1b,
the most pronounced changes in absorption are caused
by high-temperature annealing at photon energies hv <
1.2 eV. According to [7], the absorption at these photon
energies is due to defect states in the band gap of
pe-Si:H. With the annealing temperature increasing to
T, = 500°C, the absorption at hv < 1.2 eV grows, with
the most pronounced rise in absorption observed at T,
ranging from 400 to 500°C. With T, increasing further,
the absorption at hv < 1.2 eV decreases somewhat. It is
noteworthy that raising the annealing temperature from
400 to 500°C also resultsin aminor increase in absorp-
tion at photon energieshv > 1.2 eV.

The effect of the annealing temperature on the dark
conductivity (og) and photoconductivity (Ao,,) mea-
sured at hv = 1.3 eV (intensity | =4 x 10®°cm=?s™) and
1.8eV (intensity | =6 x 10 cm? s™) isshowninFig. 2.
It can be seen that o4 grows with the annealing temper-
ature T, increasing to 450°C. With the annealing tem-
perature increasing further, o4 starts to decrease. This
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Fig. 1. Effect of pc-Si:H film annealing temperature on (@) spectral dependences of the absorption coefficient measured by the con-
stant photoconductivity method, and (b) spectral dependences of the relative change in the absorption coefficient caused by anneal -
ing. (1) Unannealed film; T,: (2) 300, (3) 400, (4) 500, and (5) 600°C.

decrease is most pronounced in the temperature range
from 500 to 550°C. Annealing at T, = 600°C makes gy
somewhat higher. The behavior of Aay,, with the anneal-
ing temperature is similar to that of o(T,), except in the
high-temperature  range, where A0,,(600°C) <
AG,(500°C).

Let us consider the results obtained. As already
mentioned, the absorptionat hv < 1.2 eV is, inthe opin-
ion of Beck et al. [7], determined by the defect statesin
pc-Si:H. Therefore, the observed change in the absorp-
tion in this range of photon energies may characterize
the change in the defect concentration upon annealing
pe-Si:H. In particular, the rise in absorption upon
annealing c-Si:H at temperatures up to 500°C may be
due to an increase in the concentration of defects asso-
ciated with dangling bonds both (mainly) at the surface
and (to a lesser extent) within the columns, which
appear as aresult of hydrogen effusion during pic-Si:H
annealing. The temperature range in which the most
pronounced increase in absorption is observed (400—
500°C) corresponds to the temperatures at which the
rate of hydrogen effusion from pc-Si:H is at a maxi-
mum [8]. The decrease in absorption at T, = 600°C may
be due to bond restructuring at the column surface,
which lowers the concentration of dangling bonds. The
observed nonmonotonic variation of absorption in the
range hv < 1.2 eV with the annealing temperature isin
agreement with the nonmonotonic variation of the elec-
tron spin resonance (ESR) signal from dangling bonds

SEMICONDUCTORS  Val. 37
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for undoped pic-Si:H films annealed at different tem-
peratures.

It is noteworthy that a certain contribution to the
absorption of pc-Si:H may come from optical transi-
tions involving states that belong to the amorphous
phase and the exponential tails of the density of states,
which appear as a result of the structural disorder and
presence of microcrystal boundariesin pc-Si:H. Varia-
tion of the density of these states with annealing tem-
perature may also affect the manner in which the spec-
tral dependence of absorption is changed.

It is known that high-temperature annealing of
amorphous hydrogenated silicon increases the concen-
tration of eectricaly active impurities [9]. If we
assume that a similar process occurs in pc-Si:H, then,
presumably, the rise in conductivity with increasing T,
at T, < 450°C (Fig. 2) is also due to an increase in the
concentration of electrically active boron atoms and the
corresponding shift of the Fermi level toward the
valence band edge. The decrease in o4 within the range
T, = 450-550°C may be due to an increase in the den-
sSity of defect states within the columns (these states lie
at the midgap of pc-Si:H) and the corresponding shift
of the Fermi level toward the midgap. For pc-Si:H films
annealed at T, = 550°C, achange of the carrier transport
mechanism is also possible. This is indicated by the
results of our studies of the influence exerted by T, on
the temperature dependences of o, of pc-Si:H films. It
is noteworthy that adramatic decrease in o4 of undoped
pc-Si:H films annealed at T, = 470-570°C was also
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Fig. 2. (1) Dark conductivity o4 and (2, 3) photoconductiv-
ity Aoy, measured at photon energies (2) hv = 1.8 eV and
(3) hv' = 1.3 eV, vs. annealing temperature. The values at
T, = 250°C correspond to an unannealed sample.

observed in [3, 5]. Lips et al. [5] considered this
decrease in gy in terms of the barrier model of carrier
transport in puc-Si:H and attributed it to the expansion of
the carrier-depleted layer to the entire column volume,
which occurs when the concentration of dangling
bonds at the column boundary exceeds a certain critical
value. Theincreasein o4 observed at T, > 570°C, which
correlates with the decrease in the ESR signal, was
attributed to bond reconstruction and/or recrystalliza-
tion.

In our opinion, the dependence Ao (T,) shown in
Fig. 2 isaccounted for by achange, upon annealing, in
the Fermi level position and defect concentration,
which affect the lifetime of nonequilibrium carriersin
HC-Si:H [5, 11]. At T, < 450°C, the rise in Aa,,, with
increasing T, is presumably due to a shift of the Fermi
level toward the valence band edge. At the same time,
at T, > 450°C, the decrease in a4 with increasing T, is

KAZANSKII et al.

associated both with a shift of the Fermi level toward
the midgap and with an increase in the concentration of
defects acting as recombination centers upon anneal-
ing.

Thus, our study demonstrated that thermal anneal-
ing of pc-Si:H films weakly doped with boron leads to
nonmonotonic variation of the absorption coefficient
(at hv < 1.2 eV), dark conductivity, and photoconduc-
tivity. In our opinion, this variation is due to changesin
the concentration of electrically active impurities, the
formation of defects at column boundaries and within
the columns, and bond restructuring at high annealing
temperatures.
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Abstract—Diode structures obtained by vacuum sputtering deposition of Al onto the surface of p-Cd, _,Zn,Te
(x = 0.05) single crystals were studied. In the context of the Sah—Noyce-Shockley model for generation and
recombination of charge carriers, a quantitative description of the diodes electrical characteristicsis attained.
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1. INTRODUCTION

A bright outlook for the use of CdTe in detectors of
X-ray and radioactive radiation was substantiated and
experimentally verified asearly asthemid-1960s[1, 2].
The use of CdTe makes it possible to widen the sensi-
tivity range of a detector to higher photon energies (up
to severa hundred electronvolts) compared to Si-based
detectors, while the wider band gap of CdTe ensures
operation at room temperature. By the early 1980s, asa
result of subsequent research efforts, CdTe detectors
had found application in industry and medicine, dosim-
etry and radiology, space studies, radioastronomy, and
other fields[3, 4]. Notwithstanding the fact that abright
outlook for CdTe detectors had been repeatedly con-
firmed in further studies, technological problems have
hindered the wide use of these detectors[5-9]. Only the
careful control of the material and detector itself at all
stages of growth and fabrication can ensure that the
parameters which satisfy the specified requirements are
attained. As a result, we have a low yield and, conse-
quently, high cost of devices.

It was ascertained in the early 1990sin the course of
the development of substrate material for Hg, _,Cd,Te
epitaxial layersthat single crystals of Cd, _,Zn,Te solid
solution with x = 0.05-0.1 have ahigher structural qual-
ity than CdTe crystals [10-12]. A lower concentration
of defects and wider band gap of Cd; _,Zn,Te make it
possible to obtain single crystals with stoichiometric
composition and a resistivity of about 10 Q cm at
room temperature; thisresistivity isabout two orders of
magnitude higher than that of CdTe (without compen-
sation with chlorine) [12]. However, leakage currentsin
Cd, _,Zn,Te detectors obtained by deposition of Au or
Pt (metals with a high work function) were found to be
lower than those of CdTe detectors only by several
times. The origin of these currents is unclear; this is
also true of the main mechanism of charge transport

that controls the characteristics of Cd,_,Zn,Te detec-
tors. The possibility of decreasing the leakage currents
by forming arectifying contact between p-Cd, _,Zn,Te
and ametal with alow work function has not been real-
ized.

In this paper, we report the results of studying the
charge-transport mechanisms in Al-Cd, _,Zn,Te sur-
face-barrier structureswith x = 0.05. The characteristics
of these structures are interpreted in terms of a genera-
tion—recombination model in the space-charge region
(SCR) of the diode structure.

2. SINGLE CRYSTALS OF Cd,_,ZnTe

In order to fabricate the diodes, weused Cd, _,Zn,Te
single crystals (x = 0.05) grown by a modified Bridg-
man-Stockbarger method in quartz graphitized con-
tainers. Plates cut from cylindrical ingots were ground
and thoroughly polished using diamond paste with a
successively decreasing grain size (this size was less
than 1 um at the final stage). The band-gap width was
determined from optical-absorption curves. In experi-
ments, we used plane-parallel plateswith thicknessesd
intherange from 1 mm to 50—70 pm. It was found that,
in the transparency region (hv < E,;), the values of the
absorption coefficient a determi nedg taking into account
multiple reflections increase appreciably as the sample
thickness decreases. For the samples with d > 50 pm,
interference effects are not important. Therefore, the
effect observed in many samples can be attributed to the
fact that the absorption coefficient of the surface layer
is larger than that of the crystal bulk [13, 14]. As the
sample is thinned, the influence of thislayer on sample
transmission increases, which manifests itself in the
observed dependence of the absorption coefficient.
Comparison of the transmission spectra for samples
differing in thickness shows that the thickness of the
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Fig. 1. Spectral dependences of absorption in the
(1) Cdg.gsZngosTe and (2) CdTe single crystals in the
region of large absorption coefficients at 300 K.

surface layer with a larger absorption coefficient is no
less than 30-50 pum.

Apparently, an increase in the absorption coefficient
in the surface layer with a thickness of several tens of
micrometers cannot be caused by mechanical damage
in the ordinary sense when the damaged-layer thick-
ness is governed by the grain size of the used abrasive
agent. Additional absorption of light in the transpar-
ency region of Cd,_,ZnTe single crystals can be
caused by didlocations and strain-related distortions of
the crystal lattice, which arise as aresult of mechanical
treatment of the crystal surface, much the same as that
which occursin CdTe single crystals[15]. Dislocations
act as sinksfor impurities and defects, which may man-
ifest itself not only in additional absorption but also in
the appearance of a selective photoconductivity band in
the region of hv < E;. As has been shown [15], the
effects of alocally stressed layer on the photoconduc-
tivity and crystal transparency are eliminated as aresult
of the chemical etching off of surface layers which are
about 20 pm and 100 pm thick, respectively. It is not
inconceivablethat damageto the crystal lattice asaresult
of mechanica treatment of the surface can give rise to
amorphization of the surfacelayerinaCd, _,Zn, Tecrys-
tal. Electron-diffraction studies of CdTe crystals [16]
indicated that such a layer with athickness larger than
20 pm and an absorption coefficient much larger than
that in the crystal bulk can be formed.

The presence of a damaged layer at the mechani-
cally polished surface distorts the fundamental -absorp-
tion edge, whichistypically determined from the trans-
mittance curves for the thinnest possible samples.
Therefore, thin samples should be produced by chemi-
cal treatment rather than by mechanical polishing. Tak-
ing this into account, in Fig. 1 we show the curves of
optical absorption in Cd, _,Zn,Te in the region of large
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values of a; for the sake of comparison, the correspond-
ing values of a for CdTe are also shown. The curves are
plotted in coordinates that imply the alowed band-to-
band transitions, in which casewe have a O (hv — Ey)Y2,

As can be seen, extrapolation of thelinear portion to
the intersection with the abscissa axis yields the values
E, = 1.505 and 1.47 eV for CdygsZngesTe and CdTe,
respectively (at 300 K). Expansion of the Cd, _,Zn,Te
band gap by 0.035 €V in comparison with CdTeis con-
sistent with the almost linear increase in from
1.47 eV for CdTeto 2.26 eV for ZnTe. It is worth not-
ing that the absorption coefficient a is no larger than
1 cm for thick samples(i.e., with theleast pronounced
effect of the surface layer) in the transparency range.
This circumstance indicates that the single crystals
used have fairly high quality [16, 17].

The presence of a damaged layer at the surface of
Cd, _.Zn,Tecrystalsalso affectsthe results of electrical
measurements. The resistance between two point-con-
tact nonrectifying probes formed at opposite sides of
the wafer depends on the wafer area; specificaly, this
resistance decreases appreciably as the wafer size
decreases. This established fact is indicative of the
comparatively low resistivity of the damaged layer at
the crystal surface. Thismeansthat a surface layer with
relatively low resistivity shunts the resistance of the
crystal bulk.

Thecharge-carrier concentration inthesinglecrystals
under investigation was determined from the tempera-
ture dependence of the resistance. In order to minimize
the effect of the surface layer, these temperature depen-
dences were measured using large-area (0.5-1 cm?)
wafers subjected to chemical etching. The distance
between the Fermi level and the valence-band top Ap
was determined from the slope of the dependence of
resistance R between two nonrectifying contacts on
temperature T (as aplot of INRvs. 1/T) and was found
to be equal to 0.19 eV. Hence, it follows that the hole
concentration p = N, exp(-AWKT) is equal to 8 x 10'°
cm3 at room temperature (N, is the effective density of
states in the valence band). For such a material, the
SCR width

W = [2£eo(¢20—eV)T2
ep
(here, ¢ isthe barrier height, which can be estimated at

1eV; e istherelative diel ectric constant of the semicon-
ductor and is equal to 10.2 for CdTe;, and g, is the

dielectric constant of free space) isequal to 4 x 10> cm
under the conditions of zero bias. A surface-barrier
diode with this active-region thickness can be used to
detect X-ray photons with energies as high as 50 keV.
However, the results reported below are also applicable
to diodes fabricated from a material with a lower con-
centration of charge carriers (with a higher resistivity).
2003
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3. DIODES AND THEIR ELECTRICAL
CHARACTERISTICS

The diode structures were obtained by evaporation of
Al (in a vacuum chamber with a pressure of 10 Torr)
onto the chemically etched surface of p-Cd, _,Zn,Tesin-
gle crystals at atemperature of about 100°C. A nonrec-
tifying contact to the substrate was formed by chemical
deposition of Cu from an agueous CuSO, solution in
the presence of In.

In Fig. 2, we show the current—voltage (I-V) charac-
teristics of an Al-Cd,_,Zn,Te structure measured at
various temperatures in the range of 293-373 K.

Special attention should be given to the fairly high
quality of the diode. At voltages of +1 V, the forward
current exceeds the reverse current by a factor larger
than 10* at room temperature and by an even larger fac-
tor at lower temperatures. The forward portion of the
|-V characteristic at V < 0.6-0.8V (depending on tem-
perature) follows the dependence | O exp(eV/2KT) as
the current changes by more than four orders of magni-
tude, which is indicative of the generation—recombina-
tion origin of current in the samples under consider-
ation. Thisis also shown by a sublinear increase in the
reverse current, which is especially pronounced at ele-
vated temperatures.

In the region of large forward currents (currents
higher than 30—100 pA), the deviation of the curve (V)
from the exponentia law is caused by a voltage drop
across the series resistance R in the diode structure.
Thevalue of R, can be determined from the dependence
of the diode's differential resistance Ry; on voltage. A
portion with atendency towards leveling off at Ry = Rg
is observed at large biases in the 1(V) dependence mea:
sured at 373 K (see Fig. 3a); thus, we obtain Ry; = 420—
480 Q. The current | depends linearly on V in the same
region of bias voltages (Fig 3b). The cutoff voltage on
the horizontal axis in this dependence yields the value
of limiting voltage across the barrier; in the case under
consideration, this voltage is equal to about 0.7V. Asa
result, we may conclude that the barrier height in the
diode under consideration is no lower than 0.7 eV.

4. CALCULATION OF THE CURRENT-VOLTAGE
CHARACTERISTIC
According to the Sah—Noyce-Shockley model [18],
the generation—recombination rate in a depletion layer
isgiven by

n(x, V) p(x, V) —ni2 1)
Tpo[N(X, V) + Nyl +T o[ P(X, V) + pi]”
where n(x, V) and p(x, V) are the concentrations of free
charge carriers in the conduction and valence bands,
respectively; and 1., and T, are the effective lifetimes
of electrons and holes, respectively, in the SCR. The

u(x,V) =
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Fig. 4. Forward portions of the current—voltage characteris-
tics calculated for several values of the barrier height ¢
indicated at the curves. T =373 K and Ry =440 Q.

quantities n, and p, are equal to equilibrium concentra-
tions of electrons and holes when the Fermi level coin-
cides with the recombination-center level; i.e.,

Ne

Ny

Fa—En
PO 0t

n, =

)

P1 ) 3

where N, isthe effective density of statesin the conduc-
tion band, E; is the energy spacing between the recom-
bination-center level and the valence-band top, and Eg
is the band gap. The density of the generation—recom-
bination current is obtained by integrating U(x, V) over
the entire SCR; i.e.,

w

| = AeJ’U(x, V)dx, 4
0

where A is the diode area and e is the elementary
charge.

If the energy is reckoned from the valence-band top
in the crystal bulk, the electron and hole concentrations

in the SCR are given by [19]
(V) = Neexp| -Sim SRR =SV
p(x V) = Nexp[ -SRI g
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Fig. 5. The measured (circles) and calculated (solid line)
current—voltage characteristics of an AI-CdZnTe diode at
373 K. The dashed line represents the dependence I(V)
without taking into account the voltage drop across the
series resistance of the diode structure (440 Q).

where (X, V) isthe potential -energy profilein the SCR:

(% V) = (o—eV)H-5H - (7)

InFig. 4, we show the diode’s -V characteristics cal -
culated using formula (4) and taking into account (1)—3)
and (5)—7) for severa barrier heights ¢, at 373 K.

In calculations, we assumed that the effective
masses of electrons and holes were equal to 0.11m, and
0.35my, respectively; we also took into account the nar-
rowing of the band gap (as the temperature increased)
with the coefficient —4 x 10 eV/K, set the seriesresis-
tance R, equal to 440 Q, and assumed that Ap =0.19eV.

As might be expected, the best fit of the results of
calculations to the experimental data is attained if we
assume that the recombination-center level islocated at
themidgap, i.e., if weset E; = 0.75 eV. According to the
Shockley—Read statistics, the level at E; = 0.75 eV cor-
responds to the most efficient recombination centers; as
this level recedes from the midgap, the lifetime of
charge carriersincreases rapidly.

In order to attain the best fit of the calculated value
of forward current to the corresponding experimental
data, we assumed that the lifetimes of charge carriers
Tno and T, Wereequal to 2 x 100 s, These lifetimes are
controlled by the capture cross section and the concen-
tration of impurity (defect) levelsin the semiconductor
band gap [18]. The value of 1, coincides with the elec-
tron lifetimeif al traps are empty; in contrast, the value
of 1, coincides with the hole lifetime if al traps are
filled with electrons.

Figure4illustrates variationsin the dependence | (V)
as the barrier height ¢, is varied. The best fit of the
SEMICONDUCTORS  Vol. 37
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Fig. 6. Reverse portions of current—voltage characteristics
at temperatures T = (1) 293, (2) 313, (3) 340, and (4) 373 K.
Dashed lines represent the linear dependences.

results of calculations to the experimental data is
attained if we assume that ¢, = 1 eV.

Knowing all the necessary parameters, we can cal-
culate not only the forward current but also the reverse
current; the latter is shown in Fig. 5 for atemperature
of 373 K. As can be seen, good agreement between the
results of calculations and the experimental data is
observed not only for forward biases but also for low
reverse-bias voltages (with magnitudes smaller than
~1V). As the magnitude of the reverse-bias voltage
increases, experimental points deviate upward from the
calculated dependence. At lower temperatures, the dis-
crepancy between the results of calculations and mea-
surements increases, so that the reverse current mea-
sured at 293 K exceeds the calculated generation cur-
rent by more than an order of magnitude. As the
temperature is lowered, the shape of the I-V character-
istic also changes. This is readily illustrated in Fig. 6,
where we show the reverse portions of the -V charac-
teristics of the same diode at several temperatures.

It follows from theory that, in the range of low
reverse-bias voltages (KT < |eV| < E; - E), the gener-
ation current depends linearly on the applied voltage,
whereas this dependenceis sublinear at higher voltages
[19]. In fact, such behavior of 1(V) is observed for the
dependence measured at 373 K (Fig. 6, curve 4). How-
ever, alinear increase in current with voltage changes
to a superlinear dependence at lower temperatures
(Fig. 6, curves 1, 2). Apparently, such evolution of the
[ (V) dependence can be attributed to the increasing role
of tunneling, which is dominant in the charge transport
at low temperatures.

The barrier width in the diodes under investigation
is equal to 10 cm at the magnitudes of reverse-bias
SEMICONDUCTORS  Vol. 37
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voltages equal to about 5V. It seems unlikely that there
is any appreciable tunneling through such a wide bar-
rier over the entire diode surface. However, tunneling is
quite probable at the sites where the electric field is
concentrated, in particular, at the periphery of the
metal contact. Leakage currents of such an origin are
always observed unless special precautions are taken
(passivation of the surface, formation of a guard ring,
and so on).

5. CONCLUSIONS

The results of optical and electrical measurements
indicatethat thereisalayer with athickness of 30-50 nm
at the surface of Cd, _,Zn,Te single crystals; this layer
has a much higher absorptance and electrical conduc-
tivity than those in the bulk of the crystal.

The Al-CdznTe contact features a clearly pro-
nounced diode characteristic with a rectification factor
exceeding 10* at room temperature. The height of the
barrier formed as a result of vacuum evaporation of Al
onto the p-CdZnTe surface amountsto ¢, = 1 eV.

The dominant mechanism of charge transport in the
Al-CdZnTe diodes under investigation is the genera-
tion—recombination of charge carriers in the space-
charge region. The current—voltage characteristic of the
diodes is quantitatively described in terms of the Sah—
Noyce—Shockley model for generation and recombina
tion. Leakage currents (apparently, of tunneling origin)
are involved in the formation of reverse current at low
temperatures.
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Abstract—The stimulated emission (n iSt ) of InGaAsP/InP separate-confinement double heterostructure lasers

operating at A = 1.5-1.6 um has been studied experimentally and theoretically. Laser heterostructures with a
varied design of the waveguide layer were grown by MOCVD. The maximum internal quantum efficiency

n ft = 97% was obtained in a structure with a double-step waveguide characterized by minimum leakage into

the p-emitter above the generation threshold. The high value of nft isprovided by low threshold and nonequi-

librium carrier concentrations at the interface between the waveguide and p-emitter. The calculation yields n f‘t
values correlating well with the experimental data. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The emission power is one of the most important
characteristics of a semiconductor laser. The internal
guantum efficiency of stimulated emission, rﬁt, is the
principal factor defining the efficiency of semiconduc-
tor laser operation and, finally, the optical output power.

Typical n* values of separate confinement (SC) het-

erostructure lasers with a lasing wavelength A = 1.3—
1.55 um are 65-75% [1]. The cause for low n;* values
are additional losses, such as current losses above the
generation threshold [2]. Since similar lasers emitting
at A =0.98 umhavean ;' closeto 100% [3], adetailed
study of the loss mechanisms in lasers with A = 1.3—

1.55 pm seems urgent. An analysis of n™ for hetero-

structures differing in the waveguide design can pro-
vide structure optimization and substantially raise the
emission power.

The goal of the present study is the experimental
and theoretical investigation of the internal quantum
efficiency of stimulated emission of InGaAsP/InP
separate-confinement doubl e heterostructure (SC DH)
lasers (A = 1.5-1.6 pm) with varying design of the
waveguide layer.

2. SAMPLES

Figure 1 shows three SC heterostructures with two
strained quantum wells (QW) selected as basic samples

for study; they differ in the configuration and energy
parameters of the waveguide “steps’ (Aisasimple, Ba
double-step, and C a single-step waveguide). The QW
thickness is varied in the range d, = 5064 A. The
parameters of the heterostructures are listed in the
table. All samples were grown on n-InP substrates by
MOCVD. The composition of the solid solution in
InGaAs strained QWs and emitters was the same. A
structure was divided into laser diodes whose cavity
length varied in the range L = 200-2500 pm. The cavity
faces were coated by Si/SIO, mirrors with areflectance
R > 0.95 and an antireflection coating with R < 0.04.
The diodes were mounted onto copper heat sinks using
indium solder.

3. EXPERIMENT

The light—current characteristics were recorded for
laser diodes of differing cavity length, from which the
external differential quantum efficiency and threshold
current density were determined. Figure 2 presents
thus-obtained dependences of the inverse external dif-
ferential quantum efficiency ny on the laser cavity
length. Using the experimental n4(L) dependences and
the well-known relation

Ol ext )

Ng = Niz—/—
aint+aext

we determined the internal optical loss a;,; and the
internal quantum efficiency of stimulated emission,

1063-7826/03/3702-0233%24.00 © 2003 MAIK “Nauka/Interperiodica’
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Table
Struc- a’® cd s
ture wpe Egl- eV Egz, eV Eg31 eV Wl' H.m W2, I.lm W3, l_lm Crln_li nlexp , (7S ni C, % rWG , % racv %
A 1.13 - - 10 - - 45 67 73 13 1.03
B 1.24 113 1.03 0.86 0.36 0.12 3.6 85 20 16 1.45
C 1.181 0.992 - 0.672 0.232 - 9 95 97 20 2

r1iSt , for all the structures studied. The obtained values
of a; and n; arelisted in the table.

4. THEORETICAL MODEL

First of dl, it is necessary to note that the definitions
of theinternal quantum efficiency above and below the
lasing threshold are strongly different. Below the
threshold, the internal quantum efficiency is expressed

Wi
E
InP
E, H’H
A
E
Wi
E W,
InP
E
gl
Eg 2 w
C

Fig. 1. Band diagrams of the laser structures under study.
(A) simple waveguide, (B) double-step waveguide, (C) sin-
gle-step waveguide; (Wy, W, Wa) and (Eg, Egp, Ega) are
the waveguide thickness and band gap, respectively.

via the ratio of the rates of radiative and nonradiative
recombination processes, Ry, and R, [5]:

_ R

ni - Rph+ Rnr. (2)

Above the lasing threshold, the internal quantum effi-
ciency of stimulated emission, n?', is defined as the

ratio of the stimulated emission current I to total cur-
rent | above the generation threshold [6]:

st _ Ist

r]l I _ Ith' (3)
It is necessary to note that, at high (close to 100%)
internal quantum efficiency of spontaneous emission,
the internal quantum efficiency of stimulated emission
may strongly differ from 100%. This is related to the
existence of various current leaks. Above the genera-
tion threshold, the total current through the laser struc-
ture can be defined as the stimulated emission current
summed with all the other components:

I = Ig+ 1+ 1.

4
Here, 1, is the leakage current above the generation
threshold, and I, isthe threshold current which will be
calculated in terms of the model [7], which demon-

strated good correlation with an experiment for A =
1.55 pm lasers [8]. Then, with account of Eq. (4), the

relation for n;' becomes

©)

I =l

This expression shows that the magnitude of n}' is

affected only by those currents which continue growing
even above the generation threshold; in our case, these
are the leakage currents.

As arule, above the generation threshold, the elec-
tron and hole densities ny,, Py, and, correspondingly, the
position of quasi-Fermi levels in the active region are
stable, or vary only dightly [6]. Then, all the currents
which depend monotonically on these densities do not

affect the n;' value. However, the carrier density in the
waveguide, Ng-, keeps on growing above the genera-

tion threshold [9]. In the experiment, this process is
accompanied by theincreasing intensity of the photolu-
SEMICONDUCTORS  Vaol. 37
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minescence (PL) bands related to optical transitions
within the waveguide or those from the waveguide
layer to QW levels. Increasing spontaneous emission
from the waveguide above the generation threshold,
which isindicative of increasing carrier density in this
layer, was observed in [2]. This experiment showed that

the reduction of n* cannot be accounted for only by
recombination in the waveguide. The leakage of carri-

ersto acontact also contributesto the magnitude of n ft ,

and the leakage current increases as the current of
majority carriersrises, since the drift component of the
current leakage to the emitter increases. The rise of
spontaneous emission from the waveguide was aso
observed in [10], and the increasing PL from the
waveguide above the generation threshold was attrib-
uted to the finite time of the carrier trapping by a QW.
In this situation, the injected carriers are accumul ated
in the waveguide, which indirectly raises the intraband
absorption losses and reduces the differential quantum
efficiency of alaser.

In all the structures under study, we observed an
increase in the intensity of spontaneous emission
related to radiative transitions from the waveguide layer
with the narrowest band gap to the levelsin the QW and
to the waveguide itself (Fig. 3) [9]. This fact, which
indicates that the carrier density in the waveguide lay-
ers increases above the generation threshold, can be
explained as follows. The rise of carrier density in the
waveguide Ng-y is caused by carrier emission from
QWSs|[7]. A part of theinjected carriersis emitted from
QWs and contributes to Ngy, With this concentration
increasing linearly with the driving current. Some car-
riers entering the waveguide recombine radiatively or
nonradiatively, and others form leak currents from the
waveguide to the emitter via drift and diffusion. The
magnitude of these leak currents, which variesin direct
proportion to the density N* of minority carriers (elec-
trons) at the interface with the p-type layer, grows with
an increase in the total current density J flowing
through the heterostructure. In the general case, the
total leakage current J; is defined by three components
(recombination, drift, and diffusion) and takes the form

eNgeyL
J = y + N*Dre(J5 i + ). (6)

n

Here, Loy, isthe waveguide thickness; Ny, the carrier
density in the waveguide; 1,, the lifetime of minority
carriers in the waveguide region, defined by al the

recombination processes occurring therein; D;, the
diffusion constant of minority carriers in the emitter;
i and J% , the dimensionless diffusion and drift

components of the density of leakage current from the
waveguide to the emitter. The total leakage current J_
(6) for the studied structures was calculated by the
method derived in [2] with the self-consistent determi-
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Fig. 2. Theinverse external differential quantum efficiency
NgVs. thelaser cavity length L: (A) simple, (B) double-step,
(C) single-step waveguide.

Intensity, arb. units
3L

0 Ju, 1 2 3 4 5 6
J, kA/cm?

Fig. 3. Theintensity of PL from the waveguide layer | vs. the
driving current density J (below and above the threshold).

nation of leakage J, and recombination currents in the
active region. It was assumed that

(2) al the layers in a heterostructure are quasi-neu-
tral, and the quasi-Fermi levels of majority and minor-
ity carriers are continuous at all the interfaces;

(2) the space charge layersin the waveguide, formed
at the interface and providing quasi-neutrality, occupy
a small fraction of the total waveguide thickness, and
the recombination thereis negligible;

(3) Auger recombination occurs only in the active
region;

(4) heating processes in the active region are negli-
gible;

(5) above the generation threshold, the electron and
hole densities and, correspondingly, the quasi-Fermi
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Fig. 4. Calculated n;* and J, for SCDH with (1) single-step
waveguide C; (2) Ey © =0.9926V; (3) Ey © =118eV.

levels do not change across the active region and the
interface between the active region and the waveguide;

(6) in a heterostructure with a step waveguide, the
threshold density at the interface with the p-emitter is
calculated in terms of the Boltzmann approximation
successively for each of the waveguides.

Theincreasein the hole density Ap in the portion of
the waveguide between the active region and the p-type
emitter is expressed in terms of the recombination cur-
rent in the active region (which includes spontaneous
and stimulated recombination) as follows[2]:

- D Ap (no+2p1)e
P T(dw/2)(no+ypy)

where D, is the diffusion coefficient of holes; d,, the
waveguide size; n,, the equilibrium density of electrons
in the waveguide; p,, the hole density at the interface
between the waveguide and QW; and

J

(7)

by ®)

n

y =1-3./3,

where py and p, are the hole and electron mobilities
in the waveguide. The expression for y includes the
density of the electron leakage current J,, which is
composed of the diffusion and drift components of the
total leakage current (6). The current J,, itself is depen-
dent on Ap and defined as

J, = eDpn,(1/Lgcoth(SLg) + 0.52), 9)

SKRYNNIKOV et al.

where D; isthe diffusion coefficient of electronsin the
p-emitter; S the thickness of the p-emitter,

Ls = J(1/LZ+ 14D,

L., the diffusion length of electrons in the emitter,

(10)

Zz = kT/eE; (11)
and E, the dectric field in the emitter, equal to
E = Iep ) (12)
eupN,

Here, uf, and N, are the hole mobility and the doping
level in the emitter, respectively; and n, isthe density of
nonequilibrium electrons at the interface between the
emitter and waveguide.

Therecombination and |eakage currents were cal cu-
lated until self-consistent solutions with the initial Ap,
J, values at the generation threshold were obtained.

The recombination current in the waveguide was
calculated assuming that the radiative recombination
constant B,, is independent of the total current in the
structure, because the contribution from the recombina-
tion in the waveguide to the total leakage current is
small as compared with other J, components.

Using the calculated J, and the determined thresh-

old current density J;,, we can find ;" by determining
the internal quantum efficiency above the generation

threshold (5). The calculated n; " values for the studied
structures are listed in the table.

5. DISCUSSION

Structures differing in the design of their waveguide
layer show wide variation (from 67 to 97%) in their val-
ues of internal quantum efficiency of stimulated emis-
sion (seethe Table). Thisresult can be explained asfol-
lows. As stated above, the strongest influence on cur-
rent leakages (6) isexerted by the density N* of minority
carriers (electrons) at the interface with the p-layer,
which is determined by the threshold density and the
design of the waveguide layer. Increasing the threshold
density raises the density of “delocalized” carriers
abovethewell, which, inturn, determinesthe density at
the interface between the well and waveguide and the
density of minority carriers at the interface with the
p-emitter. Additional energy steps in the waveguide
reduce the density of minority carriers at the emitter
interface and, correspondingly, leakage currents.

Next in importance is carrier accumulation and
recombination in the waveguide layer with the narrow-
est band gap above the generation threshold, which is
due to carrier emission from QWs. This factor makes
no significant contribution to the total leakage current,

SEMICONDUCTORS  Vol. 37
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but it clearly illustrates an increase in density in the
waveguide layers above the threshold.

Inthelaser structures under study that have the same
design and composition of the active layer, the thresh-
old density is determined by the optical confinement
factor and internal optical losses. In other words, the
material gain in these structures is virtualy the same
(lasers of the same cavity length), and the modal gainis
determined by the optical confinement factor, which,
combined with internal optical losses, determines the
threshold density in the active region.

The optical confinement factor in the active region
was calculated for the fundamental TE mode and was
found to be different in single-step waveguide (C) and
separate-confinement (A) structures. 2 and 1.05%,
respectively. The threshold density ny, in the structures
was determined in terms of the model [7] from the
known relation of balance between the gain and losses
at the generation threshold:

NQWrg(n) = Gint+aext1 (13)

where N,y is the number of QWSs; I, the optical con-
finement factor for a QW; g(n), the carrier density—
dependent gain per QW, a;,, the internal losses at the

generation threshold; o, = %Iné, the mirror losses;

and L, the cavity length.

As aresult, the threshold density in a type-A struc-
ture appeared to be nearly 1.4 times that in a type-C
structure.

Owing to additional energy steps, the laser diodes
based on a heterostructure with a stepwise type-C
waveguide show a density of minority carriers at the
interface with the p-layer which is amost an order of
magnitude lower than type-A structures (the cal cul ated
N* densities are 10 and 10% cm3, respectively). The
calculations were performed using the Boltzmann
approximation in each of the waveguides successively.
The density of the leakage current into the emitter
decreased in direct proportion to the minority carrier
density at the interface between the waveguide and the
p-emitter. The band related to recombination in the
wide-bandgap waveguide layer is not observed in the
PL spectra of type-C structures, which also indirectly
indicates a decrease in the minority carrier density at
the interface between the waveguide and p-emitter.

Thus, compared with a type-A structure, a type-C
structure with a single-step waveguide has twice as
high an optical confinement factor in the active region
and an order-of-magnitude lower density of minority
carriers at the interface between the waveguide and
p-emitter. These two factors provide high (close to

100%) n; " values in the laser diodes based on type-C
structures.

To perform amore detailed comparison of different
structure designs, we selected a type-C structure with
SEMICONDUCTORS  Val. 37
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the maximum internal quantum efficiency of emission
and two standard structures with asimple waveguide, in
which the E; of the waveguide |layer corresponded to the
band gaps of the first (0.992 eV) and second (1.18 eV)
waveguides in the type-C structure (see the Table). The
waveguide thickness in standard structures corre-
sponded to the thickness of the wide-bandgap
waveguide of the type-C structure. For these structures,
we calculated the minority carrier densities at the inter-
face with the p-emitter and total leakage currents into
the p-emitter, optical confinement factors in the active
region, and the internal quantum efficiencies of stimu-
lated emission. Figure 4 summarizes the calculation
results. The type-C structure is characterized by mini-

. t
mum leakage currents J, and a maximum n; value.

Hence, it follows that only the combination of two fac-
tors, low threshold density of carriers and low density
of minority carriers at the interface between the
waveguide and p-emitter, can provide a maximum
value of the internal quantum efficiency of stimulated
emission in laser diodes.

The calculated ;" values for the studied structures

are listed in the table; they are somewhat higher than
the measured ones. This may be due to the fact that
additional mechanisms of losses, such as, e.g., active
region heating, were disregarded in calculations. Onthe
whole, the calculated values obtained correlate well
with the experiment, thusleading to aconclusion onthe
applicability of this model for the calculation of the
internal quantum efficiency of stimulated emission in
laser heterostructures above the generation threshold.

6. CONCLUSIONS

Theinterna quantum efficiency of stimulated emis-
sion of SC InGaAsP/InP DH lasers of various
waveguide design has been studied experimentally and
analyzed theoretically.

The theory predicts that lasers (A = 1.5-1.6 pm)
with an internal quantum efficiency of stimulated emis-

sion ;" close to 100% can be devel oped.

As shown, the experimental n; " values have al arge

scatter (67-96%), depending on the design of the laser
heterostructure. The internal quantum efficiency of
stimulated emission is lowered by leakage currents
existing above the generation threshold. The leakage
can be minimized by reducing the threshold density of
injected carriers in the active region and the density of
nonequilibrium carriers at the interface between the
waveguide and p-emitter. By raising the optical con-
finement factor in the active region and including addi-
tional energy steps in the waveguide, we have suc-
ceeded in obtaining an internal quantum efficiency of

stimulated emission N = 96% in SC heterostructure
lasers operating at A = 1.5-1.6 um.
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