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ZnCdSe/ZnSe quantum wells of different thicknesses are grown by molecular-beam epitaxy on
ZnS€001) substrates. The latter are cut from ZnSe ingots obtained by gas transport in
hydrogen. The substrate surface is prepared by colloid-chemical polishing followed by annealing
in atomic hydrogen and deposition of a protective selenium film. The surface topography is
monitored during epitaxial growth by reflection high-energy electron diffractRIHEED). The
surface microrelief of the samples is examined by atomic force microscopy, and the
cathodoluminescence of the quantum-well structures is studied at 40 and 300 K. The relatively
low microroughness of the surface, the high-contrast elongated reflections in the diffraction
pattern, and the dependence of the spectral position of the quantum-well luminescence line on the
well width attest to the high structural quality of the structures grown.197 American

Institute of Physicg.S1063-782807)00106-3

1. INTRODUCTION 2. EXPERIMENT

A laser electron-beam tub&EBT), which can be used The ZnSe substrates were cut in the form of rectangular
to create high-clarity televisions and large displays for masglates with the(001) orientation and a thickness of 1-2 mm
viewing, offers some unique possibilitiéddowever, one of ~from an ingot grown from the vapor phase in sealed quartz
the disadvantages of an LEBT is the relatively high lasingcells by chemical transport in hydrogefhe crystals were
threshold(of the laser screérat room temperature. The las- distinguished by the absence of intervening twin planes, and

ing threshold can be lowered significantly if a structure withthe dislocation density evaluated from etch pits dA) Se

_2 .
many quantum wells serves as the active layer of the s@reens.uncace was 0:81.0x 10> cm™?, The maximum area of the

The first positive effect was achieved using a periodicplates was 5820 mnf. After being cut, the plates were

ZnCdSelZnS I b lecul ground and polished mechanically with step-by-step reduc-
n e/Znse quantum-well structure grown by molecularsiy, ot the grain size of the polishing powder to

beam epitaxyMBE) on GaAs substratéSin that work the 1 um. The final treatment was carried out by colloid-
GaAs substrate was removed after the laser screen wWa$emical polishing using a polish of the polivel type and a
formed, and the structure was cemented to a heat-conductingapilized mixture of modified colloidal silica containing a
sapphire substrate. However, the adhesive layer degrades we% CrQ, solution’® After the colloid-chemical polishing
der the action of the electron beam and thus restricts theas completeda 10 to 20um layer was removedthe sub-
service life of the LEBT. The problem can be solved bystrate surface was washed with deionized water and sub-
employing ZnSe as the substrate for carrying out thdgected to a special chemical treatment by surfactant solutions
growth? to remove any traces of SjGand ionic impurities. The sur-
The interest in ZnSe homoepitaxy has increased considace microrelief determined on an atomic force microscope
erably in the last few yeafs8 primarily because of the pos- (AFM) was characterized by a root-mean-square deviation

sibility of lowering the growth-defect density and increasing €dual to 26-25 A. However, a high-quality reflection high-

the service life of blue laser diodes. Despite the first positiveenergy electron diffractiofRHEED) pattern could not be

results in fabricating light-emitting diodes and laser diodesObtalned due to the presence of an oxide layer, which could

. . . not be evaporated in a vacuum even when it was heated to
on ZnSe substratés® many unelucidated points associated P

: o ) T=600 °C.
with optimization of the technology for preparing the sub- A preliminary anneal in atomic hydrogen at

strate, with the requirements imposed on the structural quak_ 400—450 °C and a pressure equal to 0.1 Torr for 30 min
ity of the bulk ZnSe, and with optimization of the regimes of \ya5 employed to remove the oxide layer. The atomic hydro-
epitaxial growth remain. In this paper we present the firsigen was generated by a microwave discharge in a stream of
results from an examination of these features in the case @furified H,, which was passed through a quartz reactor. A
ZnCdSe/ZnSe epitaxial quantum-well structures with severadliagram of the setup is shown in Fig. 1. To prevent intense
ZnCdSe quantum wellQQW'’s) of different width. etching the ZnSe sample was placed outside of
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FIG. 1. Schematic representation of the setup for removing oxides from the surface of a ZnSe substratas cylinder with H, 2 — quartz cell,3 —
electric resistance furnacé,— microwave generatof — H plasma,6 — container with Se7 — ZnSe substrate8 — quartz support9 — inlet with a
thermocouple10 — liquid-nitrogen vacuum trapl1 — forepump,12 — vacuum valves.

the hydrogen plasma along the path of the hydrogen flove. EXPERIMENTAL RESULTS AND DISCUSSION
from the gas cylinder to the pumping system. To avoid oxi- Figure 2 presents topograms of the surface of a ZnSe

dation of the surface when the substrate is transferred frorg, \<irate after colloid-chemical polishifigig. 23 and after
the. anngalmg chambgr to the MBE system, a protective S&in anneal in atomic hydrogeRig. 21 and of the surface of
lenium film was applied to the surface after the anneal dh[he epitaxial structure grown on that substréfeg. 20. As
rectly in the annealing chamber. For this purpose, after th@,, pe seen from the figure, the maximum difference in el-

ZnSe sample was cooled, the flow of hydrogen was stoppegyyation on the relief after polishing does not exceed 70 A.
the microwave discharge was switched off, and the fur”aC%nnealing in hydrogen lowers this difference te40 A.
was moved to the upper position to evaporate Se. The selgyring the growth of the epitaxial films, the roughness of the
nium film could be removed by heating 10=250 °C. surface layer increases into the range-BD A. If the sub-
The epitaxial growth was carried out in a TSNA-18 Sys-gtrate is prepared by mechanical polishing followed by treat-
tem (Russia using separate sources with the pure Zn, Sement in a polishing etchant based on a solution of £i©
and Cd as starting materials and a substrate temperatuggncentrated HC{such preparation is often used in the fab-
equal to 276-300 °CH The ratio between the fluxes of the rication of laser screens from bulk ZnSehe surface(see
elemental metals and selenium was approximately 1:1 witlrig. 29 has a highly developed relief in theY plane with a
a small excess of selenium. The growth rate was about 1 A/gharacteristic deviation along theaxis of about 120 A. In
The surface quality was monitored during growth by reflec-the case of epitaxial growth on substrates, whose surface is
tion high-energy electron diffraction. Several ZnCdSe/ZnSeprepared by this method, the characteristic height of the
structures consisting of a ZnSe buffer layer of thickness 0.3umps reaches 200 A.
wum, several ZggCdy,Se quantum wells with thicknesses  Figures 3a and 3b present the RHEED patterns in the
equal to about 10, 20, 40, and 80 A separated by ZnSe laye[s10] direction before and after growing an epitaxial struc-
of thickness 300 A, and a ZnSe overlayer also of thicknessure on a substrate treated in atomic hydrogen. The fairly
300 A were grown. narrow, high-contrast, elongated reflections attest to the good
The cathodoluminescence &40 and 300 K and the quality of the surfaces of the substrate and the structure
surface topography of the structures obtained were investgrown. If the anneal in atomic hydrogen is not carried out,
gated. The cathodoluminescence spectra were recorded frotiie oxide cannot be removed from the substrate even when it
an irradiated surface with electron energigs=3, 10, and is heated to 600 °C in an ultrahigh vacuum. In this case a
30 keV, a current,=1—10 uA, and an electron beam di- diffraction pattern consisting of a highly diffuse background
ameterd,=0.1-3 mm. A PGS-2 spectrograph with a dis- from the oxide film and weak elongated reflections from the
persion equal to 7 A/mm and a photometric attachment consurface layer of the substrate is generally obsef¥#gl 30.
taining an FEJ-100 photomultiplier was used. Topograms During growth on such substrates, the contrast of the diffrac-
were obtained on an AFM in the contact mode with a resotion pattern increases; however, instead of line-like reflec-
lution along theZ axis equal to 5 A. Soft cantilevers with a tions, point reflections, which are characteristic of bulk
force constant equal to 0.5 H/m and a radius of curvature ogrowth, and(or) concentric arcs, which are characteristics of
the tip equal to 500 A were used in the AFM. polycrystalline growth, are observe#ig. 3d. In this case
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FIG. 2. Topograms of the surface of a ZnSe substrate after colloid-chemical polishing and(beforé after(b) annealing in atomic hydrogen and of the
surface of the epitaxial ZnCdSe/ZnSe structure grown on that subgtfatt— topogram of the surface of a chemically polished substrate.

guantum wells do not form, as is evidenced by the data frontures afT =40 K for E,=3 keV and approximately the same
the cathodoluminescence analysis of the samples. current densityj =102 A/lcm? are presented in Fig. 4. The
The cathodoluminescence spectra of four different strucspectrum of structure 10@hree QW's of widths 10, 20, and
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FIG. 2. (continued.

40 A) consists of weak emission at 44348 nm and a broad istic of exciton(FX) emission and emission associated with a
band with a maximum at 485490 nm, which is character- complex consisting of an intrinsic defect and an impurity
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FIG. 3. Reflection high-energy electron diffraction pattern befared and after(b, d) the growth of an epitaxial structure on ZnSe substrates annéaled
b) and not annealett, d) in atomic hydrogen.

atom, presumably of oxyget©, V), in ZnSe® Therefore,
we assigned the observed emission to the buffer and inter-
mediate ZnSe layers. WheB,=3 keV, the penetration
depthz, of the electrons into the structure amounts to less

| Qw-10 QW-20 QW-40 than 0.1um, and the probability of excitation of the ZnSe
3 M 3 substrate is small. Thus, the spectrum of this structure does
‘B not contain any sign of the formation of a QW. The reason
S aw-20 aw-40 for this was the bulk growth, which was indicated by the
'g_ , electron diffraction pattern.
The spectra of three other structures, viz. (82 QW's
é,‘ ow-20  Qw-80 of widths 20 and 80 4 94 (two QW’s of widths 20 and 40
B W A), and 98(three QW’S of widths 10, 20, and 40)&onsist
§ 1 of several lines, which we assign to QW luminescence. The
Sl Fx (0,Vz) ¢ full-width at half-maximum (FWHM) of the line with a
| maximum at\ ,=450 nm(spectrum3, QW-10 — a QW of
) , , ) width 10 A in sample 98and of the line with a maximum at
440 460 480 500  \,,=457 nm(spectral and2, QW-20 — a QW ofwidth 20

A, nm A in samples 92 and 94vas approximately 1.5 meV. These
widths are comparable to the widths of the luminescence
FIG. 4. Cathodoluminescence spectra. Structutes- 92 (two QW'’s of ; . ) _
widths 20 and 80 4 2 — 94 (two QW's of widths 20 and 40 A 3 — 98 lines of §!m|lar QW's grown on GaA; sqbstrafés‘[he Spec
(three QW of widths 10, 20, and 40)Aand4 — 100 (three QW's of widths  tral positions of these lines also coincide with those in the

10, 20, and 40 A T=40 K andE,=3 keV. case of growth on GaAs. We assign this luminescence to the
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ciesVy,), rather than the structural imperfection of the ZnSe

substrate. Following Ref. 5, we assume that vacancies of the

V4, type bound in complexes in the substrate are released

from those complexes during epitaxial growth and diffuse
3 into the epitaxial layer, forming nonradiative recombination
centers in it. Nevertheless, this question requires the perfor-
mance of additional investigations.

2 4. CONCLUSIONS

Quantum-size ZyCd, ,Se/ZnSe structures with solitary
quantum wells grown by molecular-beam epitaxy on twin-
T free ZnS€001) substrates have been obtained and investi-
1 gated in this work.

g 480 5é0 5['50 50'0 ! A technology for preparing the surface for epitaxial

A ,nm 640 growth, including colloid-chemical polishing followed by

_ , _ annealing in a stream of atomic hydrogen at 4@80 °C
FIG. 5. Cathodoluminescence spectra of structuré&l@@&e QW's of widths . . .
10, 20, and 40 A T=40 K. E,, keV: 1 — 3, 2 — 10, 3 — 30. The with protection of the surface by a layer of selenium, has
emission lines of the QW’s are marked by arrows. been found.
In the cathodoluminescence spectrum of the structures
the emission of the quantum wells greatly predominates over
emission of free excitons or excitons localized on fluctuathe emission of the background and the intermediate ZnSe
tions of the QW width. The line witt\,,=458 nm for |ayers, and the spectral position varies with the well width in
sample 98spectrum3, QW-20 and the line withh ;=463  accordance with a quantum-size effect similar to what occurs
nm for sample 94spectrum2, QW-40 can also be inter- in QW’s grown on GaAs substrates. However, the intensity
preted as the emission of localized QW's with widths equalof the QW luminescence on the ZnSe substrates, especially
to 20 and 40 A, respectively. Their FWHM's are somewhatat room temperature, remains insufficiently high because of
greater than those of the lines discussed above. An evefe large number of point defects.
larger FWHM (approximately 60 meYis exhibited by the This work was performed with the financial support of
line with N\,=468 nm in sample 9&spectrum3, QW-40  the Russian Foundation for Fundamental Reseé@fants
and the line with\ ,=470 nm in sample 92spectruml, Nos. 95-02-05646 and 96-02-17688
QW-90), which are apparently associated with QW’s of
widths 40 and 80 A, respectively; however, we believe thati s nasibov, V. I. Kozlovsky, P. V. Reznikov, Ya. K. Skasyrsky, and
they are produced by the recombination of an electron and ayu. M. Popov, J. Cryst. Growtti17, 1040(1992.
hole that are localized separatélike a donor-acceptor tran-  “V- I. Kozlovsky, A. S. Nasibov, Yu. M. Popov, P. V. Reznikov, and
sition). It is noteworthy that the width of the emission line in Zﬁéj&fﬁiﬁﬁﬁiO'gff‘TTé;'z'55%@;’%?;%?0?]”'3?5';232'go'g‘e"j‘%';ﬂéo‘?_c"
each of the structures presented increases as the width of thgja 1995,
QW increases. The reason for this law is not yet clear. 3N. G. Basov, E. M. Dianov, V. I. KozlovskiA. B. Krysa, A. S. Nasibov,
Figure 5 compares the cathodoluminescence spectra ofl u. r'\]"t POPO‘EIA&M}] z;oig%r&végé A. Trubenko, and E. A. Shcherbakov,
sample 98 for three different values Bf: 3, 10, and 30 oM Ohisht K. ghmoory’ 'y. Fujii, and H. Saito, J. Cryst. Growd, 324
keV. The values o, for 10 and 30 keV are estimated as (1983,
0.25 and 2.5um, respectively? In the case of surface exci- °T. Yodo, T. Koyama, and K. Yamashita, J. Appl. Ph§d, 2403(1988.
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This band is not observed in the case of deep excitdBOn  sSchetzina, D. R. Black, G. Cantwell, and W. C. Harsch, J. Vac. Sci.
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Mesoscopic effects are discovered in the conductivity of macroscopie 150 wm) metal-oxide-
semiconductofMOS) structures based on Si layers with a high boron content(@e3)

in the classical field-effect configuration. These effects are manifested as the gate voltage is varied
in the form of stationary quasiperiodic fluctuations of the transverse voltage between

potential probes located on opposite lateral faces of the sample. The fluctuations are observed at
relatively high temperaturgs<30 K) and are associated with restructuring of the percolation

cluster, which determines the quasi-two-dimensional hopping conductivity at the intersection of the
bulk impurity band with the Fermi level. €997 American Institute of Physics.
[S1063-782607)00206-9

Mesoscopic effects are inherent to systems whose diwitha pair of current-carrying* electrodes and two pairs of
mensions are commensurate with the characteristic scales pbtential (Hall) probes, were fashioned in the form of a
their electric inhomogeneity. In the case of hopping conducdouble cross. The channel length and width were 150 and 50
tivity, these dimensions are limited by the correlation radiusum, respectively, the dimensions of the tips on the potential
L. of the percolation clustér® The principal experiments probes were 185 um, and the thickness of the subgate
that have been devised to study the incoherent mesoscopxide was 620 A. The conductivits=1,/V, (V, is the
phenomena in hopping conductivity were carried out onlongitudinal voltage, andl is the currentof the p-layer and
short-channel (<L., where L is the channel lengih the voltageV, between the potential probes on opposite
structures* In this case the conductivity is determined by faces of the samplesee Fig. 1 were measured in a longitu-
isolated one-dimensional chains of impurity atoms with andinal electric fieldE,<10 V/cm as a function of the gate
exponentially small resistance. These atoms, however, do n§P!t@geVy in the temperature range=10—30 K in a mag-

form an infinite cluster and, therefore, do not make a signifi-n€tic field <1 T and in the absence of such a field. The

cant contribution to the conductivity whérsL . .° Such ef- experiments were performed using a low-currertx1 nA)

fects are usually observed in the region of conduction with aele(':tromech'anlcal preamplifier and a voltage repeater with
n input resistance greater than'd0.

variable hopping distan nd are manif regular fluc- . . .
ariable hopping distance and are manifested as regula ué One significant feature of the structures investigated is

tuations of the conductivity, which intensify as the dimen- L . .

. o the presence of a layer ptSi with a very high doping level.
=lons °f3£he sample are diminished and the temperature Rs a result, at positive values ¥; a quasi-two-dimensional
lowered.” , . hopping-conductivity channel forms in the region of inter-

In the present work mesoscopic fluctuations of the trans-Section of the acceptor states with the Fermi leW. 1).
verse yoltage penNegn Hall probes were dlscovergd IN MaCrhe activation energy for quasi-two-dimensional hopping
roscopic(with dimensions much greater thag) quasi-two- ¢ ctivity is determined by the electric field in the space-

dimensional systems based on layers of doped Si when thg,514e region, and the thickness of the channel is of the order
gate voltageV, was varied. These fluctuations are observedys the mean interimpurity distanag.”

at relatively high temperatures in the region for conduction | jnder conditions conducive for the formation of such a
with a constant hopping distance even when the CO”tribUtiOGuasi-two-dimensional channel, the(V,) curve exhibits
of the free charge carriers to the conductivity of the system iﬁigmy reproducible fluctuations, which intensify as the tem-
significant. perature is lowered, but the positions of the maxima and
The p-Channel metal-oxide-semiconductofMOS)  minima ofV,, on theV,, axis scarcely vary with the tempera-
structures based on ion-implanted Si:B layers of thicknesgyre (see Fig. 2 Conversely, in a regime with strong enrich-
0.5 um with a boron densityN,=10'® cm™3 were investi- ment of the Si surface with holes/g<—2 V) no fluctua-
gated; the density of the compensating donors wa¥ 10 tions are observed. In this ca¥g has a value of the order of
cm 2 (Ref. 6. The samplegFig. 1), which were equipped 5x10 4 V,, which attests to an insignificant original asym-
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gime to the depletion regime, there is a dropG(V,) fol-
lowed by an increase and achievement of a plateau at a gate
voltageVy=2 V, which corresponds to the condition for the
formation of the quasi-two-dimensional chan(felg. 3). The
value ofG(V,) in the vicinity of the minimum is determined
by the bulk flat-band conductivitég, of the structure, while

in the region of the plateauV;=2 V) the difference
G.=G(Vq4)— Gy, gives the value of the quasi-two-
dimensional hopping conductivity, which varies only slightly
as the channel deepens with increa§i’@,g7 Finally, the pas-
sage to two-dimensional hole conduction in the enrichment
regime, which is accompanied by filling of the states of the
A" band of the boron atoms, occurs at relatively low values
of the gate voltage/,;<—2 V.8 The G(Vg) curves at differ-

ent T undergo a smooth discontinuity in this region and
merge when degeneracy is achieva € —3 V) (Fig. 3.

FIG. 1. Band diagram of the space-charge region of Si:B under conditions ~ 1NUS, comparing the results presented in Figs. 2 and 3,
conducive to the formation of a quasi-two-dimensional hopping-we conclude that the fluctuations \@f, appear upon passage
conductivity channel. The arrow schematically depicts a hop of an electrofrom the transport of free holes in the valence aad im-

from an ionized boron atom to a neutral atoey;, €r, ande, are the . - . . .
energy positions of the top of the valence band, the Fermi level, and thgumy bands in the enrichment reglmV9(<0) to the quasi

acceptor level, respectively. The configuration of the sample is shown in théW0-dimensional hopping conductivity of electrons via
inset. ground acceptor states ®,>0. The characteristic ampli-
tude of the fluctuations is maximal in the region of the mini-
mum on theG(V,) curves, i.e., under flat-band conditions.
metry of the geometric configuration of the potential probesThen, asV, increases, it decreases sharply, and, finally, it
of the order of 510" * relative to the sample length. practically ceases to vary witig in the region of the
At relatively high temperature®0—30 K) application of ~ G(Vg) plateau.
a magnetic field perpendicular to the plane of the channel We associate the detected fluctuations\gf with the
leads to displacement of thg,(V,) curve along the vertical mesoscopic effects, i.e., with manifestations of the electric
axis by the value of the Hall voltag¥,, (Fig. 2a, curve inhomogeneity of the microscopic scales under the condi-
1'). Figure 2b presents plots of the Hall voltage tions of electron transport via localized impurity states. In
VH(Vg)=(VT—V§)/2 and the fluctuating component our opinion, the basis for this is the reproducibility of the
Vf=(V§+Vy)/2 of the signaV/,, whereV§ andv§ are the Vy fluctuations, the constancy of their positions on Whe
values ofv,, for different polarities of the magnetic field. The axis in a broad temperature range, and the qualitative corre-
figure also presents th&)(V,) curve obtained in the absence lation of the dependence of the fluctuation amplitudevgn
of a magnetic field. It becomes clear from Fig. 2b that theas the characteristic spatial scale of the electric inhomogene-
Hall voltage and the fluctuating component are additive andty varies. In the hopping-conductivity regime the latter is
separable and that,, does not undergo fluctuations, while determined by the density of states at the Fermi lévek
V¢ scarcely depends on the magnetic fiBldn the range of density of states is smallest under flat-band conditions, where
values investigateftompare thQ/S(Vg) andV(V,) curves  the Fermi level is located in the Mott-Hubbard gaand is
in Fig. 2b]. The latter is not surprising, since Bi<1 T the  constant in the strong-depletion regime, where the Fermi
magnetic lengthtfc/e B)Y2>200 A significantly exceeds the level intersects the acceptor levels near the Si sufface.
localization radius of holes on the boron atomg=23 A The physical picture of the phenomenon observed is as
and the mean interimpurity distancg=60 A; therefore, the follows. At positive values ofV, (Fig. 1) the low-
variation of L. in a magnetic field is negligible~10"4).!  temperature conduction of the macroscopic system investi-
At T>20 K the increase iV with increasing temperature gated is mediated predominantly along a quasi-two-
in the depletion regime indicates that the Hall voltage isdimensional channel by hops of the charge carriers between
determined primarily by free holes. However, the value ofnearby acceptors® which form an infinite percolation clus-
V4, is underestimated because of the shunting effect of theer, i.e., a quasi-two-dimensional random hétThe mean
hopping conductivity. When the Si surface is enriched withdimension of the cells in such a net, which characterizes the
holes (V4<<0), the contribution of the hopping conductivity spatial scale of the electric inhomogeneity of the system, is
to G(V,4) becomes increasingly less significant, angin-  determined by the correlation length.=R:(2R./3ag)",
creases sharplgFig. 2b. WhereRc=O.865ﬂ\I;’3 is the percolation radius, andis the
We note that the possibility for the formation of two critical index from percolation theory; in the 2D case we
types of surface channels, viz., a classical hole channel fdravé> »=1.33. Under experimental  conditions
metallic conduction in the enrichment regiméy<0) anda  (N,=10"® cm %) L.=300 A. In the presence of a weak
guasi-two-dimensional hopping-conductivity channel whenlongitudinal electric fielde, the mean voltage drop across on
V¢>0, leads to several special features in the behavior o cell isE,L.. Therefore, the potential of an arbitrarily se-
G(Vy). In particular, upon passage from the enrichment redected point in a quasi-two-dimensional channel differs from

5i0,| Si

2z
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FIG. 2. Dependence of the interprobe
potential differenceV, on the gate
voltage V, for V,=0.125 V. a At
various temperatures, K; 1’ — 23.6;

2 — 20.5;3 — 18.1. Curvel’ was
obtained in a 0.7-T magnetic field per-
pendicular to the plane of the structure,
and the remaining curves were ob-
tained in the absence of a magnetic
field. b At T=22.6 K withB=0.9 T:

1 — Vg=(Vi-Vvhr, 2 —
Vi=(Vi+V)I2, 3 — V). Here V]
andvf, are the values o¥, for differ-
ent polarities of the magnetic field.

=) ) 2 % 3

A -
NN e T e Y, oY S NP

o~

1y = 0 7 ¥ 3 3 70
Vg - ¥

its potential in the homogeneous case by an amount on the Turning now to the real configuration of the objects of
order of E,L. because of the chaotic structure of the perco-nvestigation(see the inset in Fig.)1we note that the met-
lation cluster. AsV is increased, the quasi-two-dimensional allized contact areas of the potential probes are separated
hopping-conductivity channel moves into theSi layer from the lateral boundary of the electron-transport channel
along a normal to the surface. This process, in turn, is achy the tips on them and, therefore, weakly disturb the distri-
companied by alteration of the configuration of the percola-bution of the longitudinal electric field in the channel plane.
tion net, because different groups of impurity atoms form itin fact, even in the absence of metallization the contact sur-
at different values ofV,. Accordingly, asV, varies, the face(the end surface of the tips nearly equipotential. In an
concrete distribution of the potential will vary, and its local electrically homogeneous sample the longitudinal potential
value at a fixed point will vary within~2E,L., reflecting difference between the extreme points of this surface is ap-
the restructuring of the percolation cluster. It would appeaproximately equal toE, X wx exp(—h/w),° where h and
that the dimensions of the potential probes must be smallew are, respectively, the length and width of the tip. In the
thanL . to observe such effects. samples investigatech(w= 3; see Fig. 1the dimension of
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FIG. 4. Dependence of the ratb=1/dV, (1) and the normalized value
2=(1/dVy) X G;/(Ge+Cy,) (2) on G for V4=2 V.

FIG. 3. Conductivity of thep-type Si layer as a function of, at various

temperatures, K1 — 23.6,2 — 20.5,3 — 18.1,4 — 15.7.

T>20 K, as is evidenced by the appreciable value of the Hall

component/ in a magnetic fieldFig. 2b. In the bulk of the
the region on the lateral faces of the channel corresponding-Si layer the configuration of the percolation paths scarcely
to this potential difference is, in order of magnitude, varies withVy; therefore, the existence of bulk conduction
w’ ~wxX exp(—7hiw)=5 A. In other words, the potential of does not lead to additional fluctuations\6f. Nevertheless,
the contact surface of a tip is equivalent to the potential of arin cases in whiclGy, is commensurate with the conductivity
“effective probe” measuring~5 A that is located on the of the quasi-two-dimensional chanr@}, it has a shunting
lateral boundary of the channel near the tip axis. In the inse¢ffect on the fluctuations 0¥, . When this circumstance is
in Fig. 1 the positions of the “effective probe” are marked taken into account, the normalized value2torresponding
by points. Since the inhomogeneity scalgis significantly  to the absence of bulk conductioB,=3 X G./(G.+ Cy,),
smaller than the dimensions of the tips, the picture just conis a linear function ofs (Fig. 4, curve?), in accordance with
sidered remains valid as a whole in the hopping-conductivitythe proposed picture of the phenomenon. The scale of the
regime, i.e., as in a homogeneous sample, the dimension efectric inhomogeneity determined from the slope of the
the effective probe should be assumed to be of the order & .(G) curve, 390 A, is consistent with the theoretical esti-
w’<L.. However, in the hopping-transport regime, as soormatel .=300 A determined above.
as the potential of an arbitrarily selected point in the channel It is also noteworthy that the experimental curves in Fig.
differs from its value in the homogeneous case-bl,L ., 2 exhibit a clearly expressed “periodéVy=1 V for the
the effective probe is displaced over a distance of otder fluctuating componen¥,(V,), if it is construed as the mean
relative to the tip axis. As/, varies, the position of the distance between the maxima of this function. Calculations
effective probe fluctuates withitL., causing fluctuations show that an increase My by 6V leads to displacement of

of V, with an amplitude~2E,L . the position of the quasi-two-dimensional hopping-
Let us examine the experimental data presented in Fig. 2onductivity channel into thp-type Si layer over a distance
on the basis of these arguments. As indicatedy @saries, |=g46Vy/(4medN,)=40 A, i.e., by an amount of the order

the local value of the potential of each probe varies withinof the mean interimpurity distaneg=60 A (¢ is the dielec-
2L.E,=2I,(L./L)G™%; therefore, the characteristic ampli- tric constant of the insulator, andl is its thickness This
tude of the fluctuations of the interprobe voltadé, should  displacement corresponds to significant alteration of the spa-
be of the same order of magnitude. Within percolationtial configuration of the percolation paths forming the quasi-
theory"? L has virtually no temperature dependence undetwo-dimensional percolation clustefwith a thickness

the conditions of hopping conductivity via nearest neighbors~r ), since the positions of the acceptors in planes separated
For this reason, it should be expected that the ratio of théy more tharr 4 are uncorrelated. Therefore, the variation of
currentl, to the mean amplituddV, of the fluctuations of the position of the quasi-two-dimensional channel relative to
the interprobe voltageX =1,/dV,=GXL/2L., will vary  the Si surface, which can be monitored under the conditions
with the temperature in proportion ®(T) with the propor- of the experiment and is unavoidably accompanied by re-
tionality factorL/2L.. In practice(Fig. 4, curvel) the de-  structuring of the percolation cluster, leads to the appearance
pendence of on G constructed from the data in Figs. 2a of quasiperiodic fluctuations of the transverse interprobe
and 3 is not linear, in apparent contradiction to the argumentsoltage.

presented above. However, we should take into account the Thus, the data presented comprise a direct experimental
finite conductivity of thep-type Si layerGy, (see Fig. 3,  observation of the characteristic scale of the electric inhomo-
which is caused by the hopping of electrons between impugeneity of macroscopic systems, which is determined in the
rity atoms in the bulk, as well as the presence of free holes atase of hopping conductivity by the correlation radius of the
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Sulfide passivation of GaSh/GalnAsSb/GaAlAsSb photodiode heterostructures

I. A. Andreev, E. V. Kunitsyna, V. M. Lantratov, T. V. L'vova, M. P. Mikhailova,
and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted August 5, 1996; accepted for publication September 10) 1996
Fiz. Tekh. Poluprovodr31, 653—-657(June 199Y

Gallium antimonide and its solid solutions are widely used to create optoelectronic devices for
the spectral range 2—bm. However, the high chemical activity of their surfaces leads to

a high growth rate of the native oxide and to degradation of the characteristics of devices based
on these materials. The passivation of GaSb and the quaternary compounds GalnAsSbh and
GaAlAsSh based on it in aqueous solutions of,8land(NH,),S is investigated. It was found that

an etching phase is present when such semiconductor materials are treated in agueous

sulfide solutions. The effect of the treatment prooglse type and molarity of the solution and

the treatment timeon the etch rate of the test materials was investigated. The optimum
technological conditions for passivating GaSh/GalnAsSb/GaAlAsSb mesa photodiode structures
are determined on the basis of the results obtained, and a significant dgé&re&6¢efold

in the value of the reverse dark current is obtained. 1997 American Institute of Physics.
[S1063-78267)00306-2

The passivation of a surface is an important problemfor GaSb: 2-8x 10'? cm™2.eV 1. However, the results of
in the technology of structures based on semiconductingnvestigations on the influence of sulfide treatment for ter-
IlI-V compounds, since this group of semiconductors isnary and quaternary compounds based on GaSb are
characterized by a high density of states, rigid pinning of thénconclusive'®
Fermi level, high chemical activity, and, consequently, rapid  In the present paper we report the results of an experi-
oxide growth. Passivation is one of the ways to control thenental study of the influence of the treatment of sulfide so-
electronic properties of a surface by altering its chemicalutions of NS and(NH,),S on the electrical properties of
structure. the semiconductor compounds GaSb, GalnAsSb, and

Various treatment techniques and different chemicalGaAlAsSb and structures based on them, which are used to
compounds, particularly §5 and sulfide solutions of N&  fabricate photodiode heterostructures for the spectral range
X 9H,0 and (NH,),S, have been proposed to solve this1.5-2.5um.
problem. Already the first investigations showed that the
treatment of -V semiconductors in sulfide solutions re- OBJECT OF INVESTIGATION
moves the oxides and forms an adsorbed coating on the The photodiode structures investigated were created
semiconductor surface consisting of sulfur atoms covalentlyy liquid-phase epitaxy. Isoperiodic layers of the solid
bonded to the semiconductbihe changes in the chemical solutions n-type Ga 7dNg 2 ASy 18Shhs, and p-type
structure of the surface cause changes in its electronic chaGa, gAl g 34ASg 0255ty 975 Were grown successively ofi00)
acteristics, viz., displacement of the surface Fermi feaal  n-type GaSb substrates, which were doped with Te to a con-
a decrease in the rate of surface recombinatiamich, in  centration equal to 1:810"” cm 3. The mismatch between
turn, lead to improvement of the electtiand photoelectric  the lattice periods of the layers and the substratesa de-
characteristics of the semiconductor devites. termined by x-ray diffractometry did not exceedk@0 *.

Until now, the phenomena caused by sulfide treatmenThe chemical composition of each solid solution was deter-
have been investigated most thoroughly for binary semiconmined on a JXA-5 Comebax x-ray microanalyzer. The com-
ductors, such as InP, GaP, InAs, and especially GaAAt  position indicated for the narrow-gap GalnAsSb solid solu-
the same time, the passivation of GaSb and its solid solutiongon (its gap width isE;=0.52 eV} determines the long-
has not been thoroughly investigatetf. Nevertheless, the wavelength sensitivity boundary of the photodiode at the
interest in these materials is attributable to their promisingl0% level:\ =2.4 um. The GaAlAsSb layerEg=1.2 eV)
nature from the standpoint of creating optoelectronic deviceserves as a broad-band “window” and is used to allow
(light sources and high-speed photodetegttusthe spectral  the effective entry of radiation into the structure. Mesa pho-
range 2-5 um.***Unfortunately, the high chemical activ- todiodes with a diameter of the sensitive area equal to
ity of the surfaces of these semiconductors leads to degrad@00 um were created by conventional plate photolitho-
tion of the characteristics of devices based on them. graphy.

It was recently shown in Refs. 5 and 10 that the treat-
ment of a GaSb surface in sulfide solutions during the fabriEXPERIMENT
cation of Schottky diodes made it possible to reduce the It was shown in Refs. 15 and 16 that not only removal of
reverse dark current by an order of magnitude. In additionthe oxides from the surface, but also etching of the crystal
the density of surface states reached the lowest known valuake place during the sulfide treatment of the surfaces of
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FIG. 1. Dependence of the etch deptlof GaSb on the treatment timein FIG. 2. Dependence of the etch depttof GaSb on the treatment tinte
0.6-M (1, 3) and 2.4-M (2, 4) Na$S solutions:1, 3 — n-GaSh;2, 4 —  IN(NH,),S solutions:1 — p-type GaAlAsSbh,2 — n-type GaSbh,3 —
p-type Gasb. p-type GaSb4 — p-type GalnAsSb.

lutions. It was found that the etching process is nonuniform

semiconductors like GaAs. These data indicate that an etclin both solutions. The etch rate decreases with time. The etch
ing phasdwith different dynamics for each of the laygman  rates forn-GaSb in both solutions are approximately the
exist during the sulfide passivation of the multilayer struc-same in the initial stage of the treatment. However, the etch-
tures investigated and that the etching can result in distortiomg process ends very quickly in the saturat@dt M) solu-
of the profile of the mesa structure and, as a consequence, iion. It should be noted that an etching effect is observed for
degradation of the electrical characteristics of the deviceg-type GaSb only under illumination by an incandescent
Therefore, in the initial stage of this research we had to delamp. At the same time, the dynamics of the etching of
termine the nature of the physicochemical processes taking-type GaSb are highly nonuniform in the 0.6-M solution
place on the(100) GaSb surface and each epitaxial layerand the 2.4-M solution.
individually. For this purpose, experiments were performed The character of the etching of the surfacesnefand
on n-type GaSkl00 substrates doped with Te to a density p-type GaSb and the multicomponent compounds based on
n=1.8x10' cm 2 and on p-type GaSkl00 substrates, them in(NH,),S differs significantly from that observed in
which were not intentionally doped, with a density the NgS solutions(see Fig. 2 The dependence of the etch
p=1.0-1.4x10" cm 3, as well as on solitary layers of depth on the time for all the crystals is linear. However, the
GalnAsSb  solid solutions  with  the  densities etch rates for each of the compounds investigated are differ-
n,p=5—10x10' cm 3 or GaAlAsSb solid solutions with ent, the slowest etch rate being observed for the sample of
p=5x 10" cm™ 2 specially grown on GaSh00) substrates. p-type GalnAsSb. The etching of thetype GalnAsSb and

To detect etching phenomena in the materials investip-type GaAlAsSb samples in the ammonium solutions also
gated and to determine the etch rate during the sulfide treattepends on illumination. As the temperature rises, the etch
ment, part of the original surface was covered by a,SiO rates increase severalfold.
layer, which protected it from contact with the solution. The  The results obtained on the etching dynamics during the
etch rate of the materials was determined from the depersulfide treatment served as a starting point for selecting the
dence of the etch depth on the holding time of the crystals imegimes for passivating the lateral surfaces of th&aSh/
the solution. After the samples were held in the solution, then-GalnAsSbp-GaAlAsSb photodiode heterostructures.
crystals were washed with deionized water and dried in a One of the problems arising in working with photo-
stream of nitrogen. Then the SiGilm was dissolved, and diodes based on narrow-gap materials is associated with the
the etch depth was measured by a profilometer relative to thieigh level of the reverse dark current. The sensitivity and the
original surface. The treatment was performed using 0.6-Mransmission band of photodiodes are known to increase con-
and 2.4-M solutions of N& and 3.0-M solutions of siderably when they operate under a reverse bias. The limit-
(NH,4)»S. The measured pH values were 13.6 and 13.9, reng sensitivity of a photodiode is determined by its noise,
spectively, for the sodium solutions and 9.2 for the ammo-whose level depends on the magnitude of the reverse dark

nium solutions. current. Lowering the reverse current by an order of magni-
Figure 1 presents the results obtained whenand tude can be regarded as a significant achievement.
p-type GaSb were treated in the 0.6-M and 2.4-M,8l&o0- Our preliminary investigations on decreasing the dark
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FIG. 3. Dependence of the reverse dark curignbn the mesa diameter b 7
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tures for a reverse bidd=0.5 V.
ll' -
current by lowering the concentration in the active region
and growing more perfect layers in GaSb/GalnAsSb/
GaAlAsShb photodiode structures made it possible to attain
values of the reverse dark current equal te 10x 10 © 2
A.121%\we previously employed protection of the lateral sur- 2r
faces by the anodic oxide. Such protection made it possible
to avoid the influence of the external medium on the surfaces
of the photodiodes, but did not lead to significant improve-
ment in their parameters.
Further progress in this direction can be achieved by J 04 0.8 77 716

diminishing the component of the dark current caused by the u,v

presence of surface leaks when the lateral surfaces of the

mesa are passivated. The surface component of the dark curl-G 4 Dark cumrentvolt haracteristics o GaShh-GalnASSh/
H H H . . -V ISt -

rent makes an appreciable contribution to the total leakagf' oA ASSS me‘;: ghom%igggs ‘f)e?o(ar‘t‘f) ea: dczﬂer (Z)atreatmznt if] e

current of a photodiode structure. For example, a study of thg,, s sulfide solution ¢NH,),S: a — epitaxial plate K33% — epi-

dependence of the dark current on the diamel®y ¢f the  taxial plate K405.

mesa diode showeg@dee Fig. 3that asD decreases from 1 to

0.2—-0.3 mm, the value of the dark current decreases in pro-

portion to D? (in proportion to the area of the mésand

then the dark current decreases in proportion to the diameter , , )
(the perimeter of the mekd.e., the contribution of the sur- the already passivated devices were measured again on the

face component of the current becomes significant. probe apparatus. Figure (durves2) shows typical current-
An array of a hundred photodiodes of diameter 300voltage characteristics for devices subjected to treatment in
wm was arranged on semiconductor plates that had unde@n aqueous solution ¢NH,),S. We note that these figures
gone photolithography. We investigated each of these photgresent the data from the investigation of the plates which
diodes using a point-probe apparatus. The current-voltaggrovided the best results with respect to the dark current.
characteristics of the diodes were measured. Figures 4a and As can be seen from the plots, after treatment in a sulfide
4b (curvesl) present the results of the measurements of typisolution of (NH,),S, the dark current decreases 2 fold
cgl current-voltage characteristics of the photodiocies for twqup to 10 fold in individual samplgésWhen the diameter of
different plates which had undergone photolithographyia mesa is 30@m, the dark current is less thanA in the
(K399 and K403. After the measurements were performed,range of reverse biases-a V. It can be concluded, there-

each plate was split into parts, each of which contained att re. that our or d treatment in ammonium sulfid |
least 20- 30 devices. Then each of these parts of a plate Was,0 €, that our proposed treatme a X onium sufhide so u.-
pns altered the state of the surface in such a way that it

subjected to a separate treatment in sulfide solutions undd !
different conditions. The current-voltage characteristics off@used a decrease in the surface component of the current.
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DISCUSSION OF THE RESULTS AND CONCLUSIONS in ammonium is also associated with certain difficulties,

The experimental data obtained indicate that an etching:m:e the rate-limiting step in the efching of GaSb is

phase is observed during the treatment of gallium antimonid
and its multicomponent compounds in sulfide solutions.

1. When they are treated in either the unsaturdé:6
M) and or the saturate@.4 M) Na,S solution, the etch rate
of the crystals is nonuniform and decreases with time untif
the etching process stops. This points out the occurrence ofae{k . . .
competing process, viz., adsorption, i.e, the formation of Ignoring the difference between the etch rates of the dif-

passivating coating on the surface that protects the latt prent solid solutions can lead to the appearance of mi-
from further etching crosteps on the lateral surfaces of the mesa photodiodes dur-

In the saturated2.4 M) solution the etching stops in the ing passivation, which can have an unfavorable effect on the

first minutes of contact of the crystal surface with the Solu_current-voltage characteristics of the devices.

tion; the difference between the etch depths of theand In conclusion, we wish to note that the first results that
we obtained on the passivation of the surfaces of multilayer

-type semiconductors is significantly smaller than in the .
Eagg of dilute NgS solutions g y n-type GaShi-GalnAsSbp-type GaAlAsSb mesa photodi-
' ode structures attest to the prospects of using this method.

2. In the(NH,),S solutions the character of the etching The first ) s d trated v 10-fold d
of surfaces of gallium antimonide and its solid solutions dif-, € hirst experiments demonstrated a nearly 10-lold decrease

fers significantly from that observed in the j$asolutions. n th.(? reverse dark.current.. Howev_gr, the problem c.)f the
The etching ofn- and p-type crystals is uniform, without stability of such coatings, their durability, and degradation of

slowing, and the values of the etch rates are approximatel e characteristics of the passivated devices calls for a sepa-
identica,l ate investigation.

The treatment of materials based on GaSb in sodium and We thgnk II_)r. T. Piotrowski from the_ Inst|tu_te of El_ec-
ammonium sulfide solutions is characterized not only by dif—tr(?nIC EngineeringWarsaw, Polan)_jfor taIgng an interest in
ferent etching dynamics, but also, as was shown in Ref. 17 iH“S work and for several useful discussions.

the case of GaAs, by different surface compositions and

structures. 1A. M. Green and W. F. Spicer, Vac. Sci. Technol.14, 1061(1993.

In (NH,),S solutions thg100 surface of the crystal is 2y. L. Berkovits, V. N Bessolov, T. V. L'vova, E. B. Novikov, V. I.
formed in a stationary etching regime by Ga atoms with SH Safarov, R. V. Khasieva, and B. V. Tsarenkov, J. Appl. Pm@.3707
groups adsorbed on them, while in the case of treatment ifT. opno and K. Shiraishi, Phys. Rev.42, 11 194(1990.

Na,S solutions thg100 surface is occupied predominantly “C. J. Sandroff, R. N. Nottenburg, J.-C. Bischoff, and R. Bhat, Appl. Phys.
by As atoms, which initially adsorb SH groups. Subse- 5;‘3% 5’\1/,|_|33 (198(?-A ¥. Polyakov, Solid—State Electiat, 803(1993
quently, the SH groups are replaced by sulfur atoms as a; P;je:nznu M. éos?ey‘:;]‘.(X/;Spl.OFLh;%Oa7e387?;§;91).’ '
result of the adsorption of a3 anion with the formation of  74. oigawa, J. F. Fan, Y. Nannichi, H. Sugahara, and M. Oshima, Jpn.
a S—As-S bridging bond. We suggest that qualitatively iden- Appl. Phys.,30, L322 (1991. N

tical processes take place in the case of GaSh. HoweveﬁYu. A. Kudljyavtsev, E. B. Novikov, N. M. Stus, and E. A. Chaikina, Sov.
because of the smaller energy of the S—Sb—S bond compar P.hﬁ'Liegfcﬁhgﬁgg;ig%?i Yang, Appl. Phys. Le2, 2932(1993.
with the S—As—S bond, the rate of the replacement of SHoa, v, Pélyakov, M. Stam, A. G. Milnes, A. E. Bochkarev, and S. J.
groups by sulfur adatoms is appreciably higher, as is conl-lPeatron,_J- Appl. Phy§1, 4411(1992. _

firmed by the etching dynamics in the saturated solutions Mé&) Mikhailova and A. N. Titkov, Semicond. Sci. Techn@l. 1279
(Fig. 1). It should be noted that the etch depth of the G‘aSbZI. A Aﬁdreev, M. A. Afrailov, A. N. Baranov, V. G. Danil'chenko, M. A.
crystals is smaller than that of GaAs. This is evidence that mirsagatov, M. P. Mikhailova, and Yu. P. Yakovlev, Sov. Tech. Phys.
the etching process takes place only in the first moment Oflee:' iidfgséliAMA Aftailon. A N. Baranov. M. A Mirsagatou. M.
contact between the surface of a Gasb crystal and BNa i ioa, and vu. p. Yakoviev, Sov. Tech. Phys. La, 435(1988.
solution and is then suppressed very rapidly due to the fors; ' andreev, M. A. Afrailov, A. N. Baranov, S. G. Konnikov, M. A.
mation of a passivating coating. Mirsagatov, M. P. Mikhailova, O. V. Salata, V. E. Umansky, G. M. Fil-

At the same time, the attempts to treat multilayerlsf‘/reio‘éav E”d_tYU\-/PMYfEKO\t/'etV' ng-vTeLC’h- Phyg- ';B‘tgglk(_l9ﬁ9i_ v p
GalnAsSb/GaAlAsSh mesa structures in,Sasolutions did ad Ig\.”PSz;lgét, Comonait &8,'26‘6?‘125 el aKiashvil, V. =
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cause of the appearance of an energy level in the band gap 0f114(1992.

GaSb due to an Sb—S bond, which can serve as a channel oV L. Berkovits, A. O. Gusev, V. M. Lantratov, T. V. L'vova, D. Paget,
surface currents. A. B. Pushnyi, and V. P. Ulin, Phys. Low-Dimens. Strut®, 293(1995.

We note that the treatment of multilayer mesa structureSranslated by P. Shelnitz

e dissolution of gallium hydroxide, which passes into so-
ution only by interacting with (NH,)OH to form the
[GaNH3)] ™2 cationic complex. In the case of GalnAsSb
solid solutions the dissolution rate decreases significantly be-
ause of the low solubility of indium hydroxide (@H)5 in
aline ammonium solutions.
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Radiative recombination on the interface in a p-GalnAsSb/ p-InAs type-Il (broken-gap)
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O. Yu. Solov’eva, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 13, 1996; accepted for publication September 10) 1996
Fiz. Tekh. Poluprovodn3l, 658-661(June 199y

The electroluminescence appearing upon pulsed excitation in a s@i@ainAsSbp-InAs type-

Il (broken-gap heterostructure is investigated B 77 K. It is shown that just as in the

case of excitation by a constant current, two emission bands with maxima corresponding to 384
and 311 meV, respectively, are observed in the spectra. The half-widths of the emission

bands equal 18—19 meV. Time-resolved spectroscopy is used to evaluate the relaxation time of
the nonequilibrium carriers, which amounts to 6x3. The emission spectrum is calculated

on the basis of the Kane model, and the radiative recombination time is estimated. The theoretical
estimates are in reasonable agreement with experimentl9%€y American Institute of
Physics[S1063-782807)00406-7

1. INTRODUCTION using a BCI-280 pulsed synchronous detector, in which the

Electroluminescenc¢EL) was recently discovered and gate length could be varied from 10 ns to A6.

investigated in a solitary p-GalnAsShp-InAs type-ll

(broken-gap heterojunction upon excitation by a constant

current> As was shown, the electroluminescence mecha-

nism in thisp— p heterostructure is based on the recombina-3- EXPERIMENTAL RESULTS AND DISCUSSION
tion of electrons and holes located in self-consistent quantum

wells on opposite sides of the interfake. Figure 1 presents the EL spectra for a solitargype

In the present work the electroluminescence appearin alnAsShp-type InAs heterostructure recorded at 77 and

upon pulsed excitation in p-GalnAsShp-InAs heterostruc- 100 K With a pulse duration of 1Qs and a repetition rate of
ture was investigated further to refine the shape and positioh kle' The current through the sample durr]mg a pulse was
of the spectral lines, as well as to evaluate the characteristfdu@l t0 0.25 A. As is seen from Fig. 1, the EL spectrum

relaxation times and to refine the mechanism of recombina(—:omains two well separated emission bands, the energy dis-

tion on a type-Il interface. A theoretical analysis of the ratetance between the maxima amounting{@0 meV. At 77 K

of radiative and Auger recombination was performed, andN€ ENergy positions of the band maxima arg =311 mev
the emission line shape was investigated. and hv,=384 meV, and the full width at half-maximum

(FWHM) equals 18—19 meV. The intensity of the short-
wavelength emission band is approximately four times
greater than the intensity of the long-wavelength band. When

Solitary GalnAsSb/InAs heterostructures were obtainedhe temperature is increased from 77 to 100 K, both maxima
by using liquid-phase epitax¢{LPE) to grow layers of the are shifted 2—-3 meV toward longer wavelengths, and slight
solid solution on ap-InAs(100 substrate doped with zinc broadening of the spectral lines occurs. In addition, when the
(5% 10' cm™3). The epitaxial wide-gap layer of the solid temperature is increased, a relative increase in the intensity
solution Ga_,In,As, Sb; _, (x=0.17,y=0.22) of thickness of the long-wavelength emission band is observed.

2 um was isoperiodic to the substrate to within When the duration of the current pulses is decreased
Aa/a=2x10"% The solid-solution layer was also doped from 10 to 0.1us, no significant change in the shape or

with Zn to a concentratiop= 10" cm®. According to the position of the lines is observed in the electroluminescence
photoluminescence data, the gap width of the solid solutiospectrum. Therefore, the filling time of the quantum levels

at T=77 wasE4=0.630 eV} cannot exceed 0.4s.

The measurements were performed in a pulsed regime at Figure 2 presents plots of the dependence of the energy
T=77 K. The current pulses had a rectangular form, theiposition of the maxima of the two emission bands on the
duration was between 0.1 and 108, and the repetition rate duration of the current pulse passing through the heterostruc-
was 16— 10° Hz. A negative potential was applied to the ture. The measurements were performed in the following
narrow-gap semiconductqgr-type InAs, which is positive manner: as the pulse duration was varied, the emission was
toward wide-gapp-GalnAsSh. The current pulses passingrecorded using a gating pulse with a duration gi4, which
through the sample and the voltage applied to the structureras positioned at the end of the current pulse. The shift of
were recorded separately. The radiation was directed by both maxima of the emission bands toward longer wave-
special optical system into an MDR-23 monochromator withlengths attests to heating of the sample during passage of the
a 150 line/mm grating and recorded by an InSb photoresistoturrent. The luminescence line shape was subsequently ana-

2. EXPERIMENTAL METHOD AND SAMPLES
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FIG. 3. Dependence of the intensity of the short-wavelength emission band
lyzed with pulse durations that ruled out heating of theon the time elapsed after the current through the heterojunction was
sample. switched off.

Time-resolved spectroscopy was used to experimentally

evaluate the recombination time of the nonequilibrium ) ) ) )
charge carriers. Figure 3 presents the dependence of the iRENtS an energy diagram of a heterojunction for the case in

tensity of the short-wavelength emission band on the tim@'hich a negative potential is applied to the narrow-gap semi-
that has elapsed since the current through the heterojunctidiPnductorp-InAs and a positive potential is applied to the
was switched off. As is seen from Fig. 3, the intensity isVid€-gap componenp-GalnAsSb (a reverse-biased struc-

reduced by a factor af approximately €us after the current ture). Under the action of the applied electric bias, electrons

is interrupted. This value corresponds to the recombinatiof" tunnel from the narrow-gap semlcondugtor to Ievels_lo-
time. calized in the quantum well and then effectively recombine

Our interpretation of the experimental data was based of/ith holes from the wide-gap semiconductor.

the mechanism for electroluminescence in a typétoken- We calculated the energy spectrum for the
gap p—p heterostructure proposed in Ref. 1. Figure 4 pre_p-GaInAspr—lnAs heterostructure in a quasiclassical ap-
proximation. The quantum well for the electrons on the

p-InAs side of the interface was deep and narrow, and its
shape is described by the potentialx)=(8x)** where

82} B=8.3x10"3% eV¥cm. An estimate of the position of the
electron levels in the quantum well gaizg~247 meV and
E,~315 meV. The quantum well for the holes is wider, and
Jéor the energy of the corresponding local leveEg~50 meV.
4
378 1
= 150
E )
5’3376 i p- GaInAsSb
5 7F
I3
Y 1.0
4
S F0f C
o ©
§ w
Jo8 ° 05
[~}
1 L 1 i 1
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FIG. 2. Dependence of the energy position of the emission band maxima on
the duration of the current pulse passing through the heterostructure. FIG. 4. Energy diagram of a reverse-biased heterojunction.
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As the analysis showed, the main contribution to the 10t
optical matrix element is made by a narrow region near the
interface. The matrix element is therefore virtually indepen- -
dent of the shape of the potential wells for the electrons and ?g”'g i
holes and depends only on the heights of the potential barri- 3
ersAE. andAE, . Therefore, to estimate the rate of radiative €06}
recombination we adopted a model of rectangular wells for Bﬁ
the electrons and holes. The wave functions of the carriers Dol
were calculated in a simple multiple-band approximation, g )
viz., the Kane model with a vanishingly small spin-orbit in- §
teraction. In this case for the rate of radiative recombination ~0.2f
we havé @ )
2 g T — %0 %20 460
R= me €, By np T m (1) 7 Photon energy , meV

Yxo ¢ 9mc? mAE, AE, m.’

FIG. 5. Short-wavelength luminescence line: solid line — calculation;
whereEj is the effective gap widttithe distance between dashed line — experiment,
the quantum levels of the electrons and hplésE, is the
height of the interfa rrier for electron n r . o .

cignt ot ne intertace ba rier for electrons, anandp are -,T{A1:4'5>< 108 s. Therefore, the carrier lifetime is con-

the two-dimensional densities of the electrons and holes Itrolled by two recombination processes. viz.. radiative and
the quantum wells. The remaining notation is conventional.Au or re)(/:ombination' =1/ p+ 1/ o
The following parameters of the structure were used to gWe theoreticall .aréal_ zerR theTAEL line shape. It was
estimate the rate of radiative recombination B&77: y y pe.

o 1 5 . - found that the shape of the short-wavelength luminescence
n=p=3x10" cm®, m,=0.023n, my=0.41m, line closely conforms to the Gaussian line shapey. 5
8-=11.6, andyo=14.5. The height of the interface barrier However )I{[ is noteworthy that, while the short-vegeleﬁ th
for electrons iIAE.= 0.3&V, and the effective gap width for edae of 'Ehe EL line is stﬁe er, in the experiment. the Iogn i
the second electron level E; =380 meV. Then, according 9 P P ent, he long

L o . wavelength edge on the calculated curve obtained within the
to (1), for the radiative recombination rate we obtain the . . o
model described is steeper. Therefore, elucidation of the EL

valueR=2x10"" et s %, line broadening mechanism is a separate problem. Additional
We also theoretically estimated the radiative recombina: 9 P P '

tion time for electrons at the interface. According(1, the |nvest|gat|9ns, both theoretical and experimental, are needed
. o S to resolve it.
reciprocal radiative recombination time for electrons has the

form 4. CONCLUSIONS
1 R @ In this study we have investigated the EL spectra of a
TR N’ solitary p-GalnAsSbp-InAs heterostructure in pulsed elec-

o o ) tric fields. The experimental data obtained can be explained

Therefore, the radiative recombination time for electronsusing a model of the radiative recombination of electrons
from the second leveE; is 75, =1.8< 10"’ s. For the first |ocalized in a self-consistent quantum well on thdnAs
level Ej =310 meV, andrg; =2.0X10" " s. Thus, the radia- sjde of the interface. The experimentally obtained EL relax-
tive recombination time increases as the effective gap widthion times ¢~6x10"°—7x 10" 5) do not contradict the
Eg decreases. o _ _ tunneling mechanism for filling the quantum-well levels with

The Auger recombination rate behaves in a totally dif-gjectrons. The theoretical evaluations of the radiative and
ferent way. According to Ref. 3, the Auger recombination ayger recombination times performed are in reasonable
rate in type-Il heterostructures can be represented in the for@greement with the experimental data.

We wish to thank Prof. V. I. Ivanov-Omskfor partici-
pating in the discussion of the results and for offering some
valuable comments.
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Influence of charge carriers on tuning in INAsSb lasers

T. N. Danilova, O. I. Evseenko, A. N. Imenkov, N. M. Kolchanova, M. V. Stepanov,
V. V. Sherstnev, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted August 13, 1996; accepted for publication September 10) 1996
Fiz. Tekh. Poluprovodr31, 662—665(June 199Y

Tuning of the output wavelength of 3.2 to 34w lasers with an InAsSb active layer and

separate electron and optical INAsSbP confining layers is investigated. Displacement of the
dominant mode toward shorter wavelengths by 3-5 A during a current pulse is achieved

at 78-100 K. This blue shift is attributed to a decrease in the refractive index due to an increase
in the carrier concentration and lowering of the radiated intensity during the pulsé.99@

American Institute of Physic§S1063-7827)00506-]

1. Semiconductor lasers operating at 3.2—3m are of g hole density of X 10'® cm™3. The optical confining layers
interest for diode laser spectroscopy, since they should makss thickness 2—3; were doped 4—5 times more strongly than
it possible to distinguish the fundamental absorption lines ofyere the electron confining layers. The lasers had a mesa-
many hydrocarbons, viz., methane, propane, acetone, ethydtripe design with a stripe width equal to a@n. The cavity
ene, ether, benzene, methanol, etc. The required smooth tugngth was 270-35@m.
ing of the output wavelength has been discovered in double 3 | et us examine the measurement results. When a rect-
heterostructure lasers with a narrow-gap INAsSb layer angngular current pulse above the threshold value is supplied to
INASSbP confining layers:* The observed increase in the the laser(Fig. 24, the output intensity decreases during the
wavelength during a current pulse was attributed in Refs. bulse (Fig. 2b, dashed curvgsWhen an external cavity is
and 2 to heating of the active region. When the current wasntroduced, the output intensity is modulated sinusoidally
increased continuously at a rate greater than the thermal rerig. 2b, solid curves The sinusoids appear because of the
laxation rate, the wavelength decreased at first. This behavyariation of the output wavelength, under which its value
ior was attributed to an increase in the concentration of nonruns through the resonance values of a Fabry—Perot interfer-
equilibrium charge carriers. Then the wavelength began t@meter. During a time corresponding to one sinusoidal pe-
increase. In Ref. 4 the increase in the wavelength was attl’ib'iod, the wavelength\ varies byA\, which is specified by
uted to self-focusing of the radiation due to an increase in thgne expression
refractive index as the amplitude of the electromagnetic ra-
diation increases.

In lasers with separate electron and optical confinement A2
(separate-confinement lasethe concentration of nonequi- A= 2In’ @
librium carriers in the narrow-gap layer is greater than in
double heterostructure lasérdherefore, a stronger influ-
ence of the concentration of nonequilibrium charge carriersvhere| is the length of the external cavity, and is its
on the tuning of the output wavelength would be expected irtefractive index. If the optical length of the interferometer is
separate-confinement lasers. increased, the sinusoidal waves shift to the right on the

In the present work we studied the tuning of the outputscreentoward longer timeswhena increases and to the left
wavelength of separate-confinement lasers during a curreRihen) decreases. Increasing the optical length of the exter-

pulse. nal cavity by turning it displaces the sinusoidal waves for the
2. Five-layer structures  n-InAs; _,_,SbP,/ lasers investigated to shorter times. Therefore, the output
n-InAs, ,_ySBP, /n-InAs, ,Sh/ p-InAs, ,_,SbP,/ p- wavelength decreases during the pulse. The sinusoidal period

InAs; _,,ShP,, with separate optical and electron confine-increases during the pulse and decreases with increasing cur-
ment, were investigate@Fig. 1). In the narrow-gap layex rent at a fixed timgFig. 2b. Accordingly, the decrease in
was between 0.035 and 0.06. In the electron confining layerthe output wavelength slows during the pui(§ég. 33.

x=0.06, andy=0.1. All the heterojunctions were of type | The investigations at 80—100 K showed that the thresh-
and had a valance-band offsetl.5 times larger than the old currently, increases rapidly with increasing temperature
conduction-band offsefFig. 19. The structures were grown T according to a power law,;,~T?, where y=3.5-4. At

by liquid-phase epitaxy on InAs substrates oriented in the77—90 K single-mode lasing is usually observed in the range
(100 crystallographic plane. The narrow-band layer was nobf currents fromly, to 214,. When the temperature rises
doped and had a thickness of aboytth. The density of the above 90 K, the range for single-mode lasing narrows
equilibrium electrons in it was $0cm™3. The electron con-  sharply, its width tending to zero at 100 K. The predomi-
fining layers also had a thickness of aboutuln. The nance of a single mode is maintained in the temperature
n-type layers were doped with Sn to an electron density ofange 4-5 K. As the temperature rises, a longer-wavelength
2x 10" cm™3, and thep-type layers were doped with Zn to mode at a distance of one, two, or three intermodal distances
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FIG. 1. Schematic representation of the layers in the laser struGre 2
layer-by-layer distribution of the band-gap width), and energy diagram of <
the laser in the working regime. - 1
1 -
<

becomes dominant. The mean rate of displacement28 L ! 1 L |
A/K. When the temperature increases, the working current g 01 0.2 ¢ 0.;? 0.4 a5
increases in the single-mode regime due to the increase in the m
threshold currenty,. The Vana_tlon_Of the wavelength during FIG. 2. Oscillograms of current pulsés) and the radiated intensity (b)
the pulse accelerates accordingfig. 3b. The total change with (solid curves and without(dashed curvésan external cavity at various
in the wavelength during the pulse amounts to 3—88—  currents, mA:1 — 90, 2 — 110. The temperature is 79 K. The threshold
0.5 cni l)_ cur_rer_\t is 82 mA. The length of the ex_ternal Si cavity is 11 mm. Calculated

The half-width of the radiation pattern in the plane of thevr:lrlatlon of the laser temperature during the current pulees
p—n junction decreases slightly from 13 to 10 degl&s;,
increases from 1 to &ig. 4). The half-width of the radiation
pattern in the plane perpendicular to the plane ofghen ~ small at temperatures near 78 K, the change in wavelength
junction and to the plane of the mirror in the range of valuesA\ is naturally related to the change in the refractive index
of /1y, from 1 to 1.4 equals 40 deg and then decreases to 38N upon heating:
deg adl/l, increases to 2. A

4. Let us analyze the experimental results. The drop in  AX=—An. 3
the radiated intensity? during the current pulséFig. 2 n
attests to heating of the active region of the laser. If the  The susceptibility of the lattice and the valence electron
dependence of the threshold currépton the temperature produces an increase in the refractive indexwith increas-
T is represented by the power ldwy~T?” and the differen- ing temperature,
tial quantum efficiency is assumed to be independent of the
temperature, the increment of the laser temperafFecan e~ 9 (4)
be expressed in terms of the change in the radiated intensity dT 4Eq dT

P by the formula Therefore, it cannot express the decrease in the wavelength
AP( | ) during a current pulse.

AT= (2 However, the threshold carrier densitly, and the depth
of the Fermi level in the conduction barkd, increase with
As a calculation fory=4 using Eq.(2) shows(Fig. 20, the increasing temperature. The decrease in the interband ab-
active region of the laser is heated during the pulse-lyK.  sorption due to the increase iy, lowers the refractive index
The heating rate decreases during the pulse. Therefore, tlee accordance with the Kramers—Kronig relation and makes
rate of variation of the wavelength also decreaseg. 3. a contribution to the decrease in the output wavelength. A
Since the coefficient of linear thermal expansion ofsomewhat smaller contribution of the same sign, which is

[lI-V compounds and their solid solutions is extremely governed by the increase My,, is made by the susceptibil-
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2 1 2 Fi+AE, ~AE,E,
-3 5
4 . . .
-4 3 3 wherec is the velocity of light, F§=F(1+ms/my), me
T 51 andm, are the effective electron and hole masses, respec-
r<“ tively, AEq is the change in the band-gap width due to ex-
< 4 I ) T citation, E, =fw =— E,4, o is the frequency of the laser
-7 b emission, andE, <|AE4<Fy,. In accordance with Ref. 5,
2 we have
3k 1 A - 2VmE 2Ny, ©
i O (Pt kDT
_ 4 g wheree is the electron charge, ardis the Boltzmann con-
I stant. Differentiating(6) with respect to the temperatuiie

FIG. 3. Variation of the wavelength of the dominant laser mode during a@Nd disregarding the weak dependenceAdf; on T, we
current pulse. a — At a fixed temperatufle<{ 79 K, 1 ;= 82 mA) and various ~ obtain

currents, mA:1 — 90,2 — 110,3 — 130,4 — 140,5 — 150,6 — 160. b

— At a fixed ratio ofl to I, (1/1,,=1.3) and various temperatures, Ki— dn, cAVFH+A Eg( E,_) -1

Y

78,2 — 88,3 — 92,4 — 100. a7 Prew T z
We express the contribution of the susceptibility of the
plasma in accordance with Ref. 6 by the formula

1 1)de

ity of the electron-hole plasma. The contributions of the — dn,  2me? .t
me my/ dT°

other phenomena are estimated to be considerably smaller. ¢T =~ nw?

An increase in the radiated intensity, as well as an increase in

the carrier concentration, should lower the refractive index.
For systematic quantitative evaluations we integrate th

Kramers—Kronig relation without allowance for the erosionPY'S€

of the Fermi function after expressing the dependence of the dn, (dn, dn,

absorption coefficient of the unexcited semiconductor on the A”:AT{ ﬁJF( aT + ﬁ)

difference between the photon enerfgy and the band-gap

width E, by the formulaa=A(f.w— E;)*2 When the coef- Nin 1)( ! NO) _1H ©)

ficient A is independent of w, we obtain the change in the No Ity N '

refractive indexn,,:

®

Within the ideas in Ref. 6 we can obtain an expression
éor the change in the refractive indexn during a current

1+
r

X

where Ny is the carrier density at the population-inversion
threshold, and is the exponent in the expression describing
the temperature dependence of the threshold density
(Ngx~T"). The second term in the square brackets in expres-
sion (9) is related to the decrease in the radiated intensity
during the pulse. When radiative recombination dominates, it
equals unity, if the current is close toly,, and decreases
rapidly with increasing current. In the case of predominant
impact recombinationy>r; this term attains the value
v/r=3 when the current slightly exceeds the threshold, but
I~ 2 it decreases with increasing current, becoming equal to unity,
when the current exceeds the threshold by 5-10%. It should
be noted that in a real laser the dependence of the magnitude
of this term on the current is smooth, since the photon den-
sity in it varies across the width of the stripe.

L L Experimentally, when the current exceeds the threshold
1/11 by a small amountFig. 3a, curved and?2), the slowing of

th the decrease in the wavelength during the pulse as the current

FIG. 4. Dependence of the half-width of the radiation pattern in the plane of mcreas?d IS apprem_ab_le. When the amou_nt bY which the
the p—n junction (1) and in the plane perpendicular to it and to the plane of threshold is exceeded is increased, the slowing gives way to
the mirror(2) on the currentT=79 K. acceleration due to the increase in the scattering power. Ap-

ol

Y
=3
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Depolarization and photoionization effects in quantum wells
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The influence of depolarization effects on the intersubband optical absorption spectra of quantum
wells is investigated theoretically. In general, the matrix elements of the corresponding
transitions are determined from the solution of a system of integral equations. For wells containing
a bound or quasibound state with a small energy, the problem is simplified significantly and
reduces to a system of algebraic equations that permit finding the matrix elements in an explicit
form. It is shown that the absorption spectrum coincides with the spectrum obtained

without consideration of the depolarization for a quantum well of small depth or width. In
particular, for wells with a shallow bound state the absorption peak caused by transitions to that
state reaches the photoionization threshold as the doping level is increased. It then vanishes.

© 1997 American Institute of PhysidsS1063-782@07)00606-9

1. INTRODUCTION ous spectrum of energieB>0 and are described by the
delocalized wave functiong/g(z) with the normalization

The effects of intraband optical absorption in quantumconditionj:jf’é(z) e (2)dz= S(E—E").

wells (QW's) due to transitions of carriers from localized We shall restrict the discussion to the case of a not ex-

Iev_els to continuum states aboye the QW's have_ been th(‘?essively high carrier densitys, at which the carriers fill
object of fairly vigorous experimental research in recentOnly the ground subband of the QW. We shall examine the
years, mainly because of the utilization of these effects tq . : )

X . ntraband optical properties of the system that are caused b
create a new type of detector of infrared radiatiddumer- P brop y y

. o .. electronic transitions from th@=0 level to higher-lying
ous studies have been devoted to the theoretical investigation : . . :

o States under the influence of light with a freque hich
of the photoionization of QW’'s(see, for example, Refs. 9 queicyv

X : . : is polarized along the axis (a TM modg. The main char-
2;6)' A];[ tt:: € zamei t:irget,i t2e |frfn p?rtart'\t ?urﬁﬁt'O:tOf trr;ie :nﬂur'lacteristic which determines these properties and is subject to
ence ot the depo a, ation €fiects at signinicant carrer cone - jation  is  the optical matrix elementP
centrations in QW’'s on the photoionization kinetics and _

. L . = (ielw) [j*,(2)F(z)dz, wherev is the quantum number of
spectra has scarcely been studied. The situation here 'S .CO{Ffe( final)gtja:toe( IQ) o$ I; respectively forqlocalized and delo-

Lalized states F is the intensity of the high-frequency elec-
between two discrete levels, which was discussed, in particy-. .. A * -~ o
lar, in Ref. 7. The character of the dependence of the absor%:—:g f(;ﬁlrc:,er?tngg ;?}; (rlehs/sg(l:)ti[vtoi?aﬁysﬁgg (diro/d2)y, ] s

tion spectra on the carrier concentration in QW’s was dis- The calculation o, in the presence of depolarization

cussed in Refs. 810, but the approach employed there is I -
hiahlvy approximate and the results obtained differ from the's complex, because the true distribution of the electric field
regal yic’?upre not only quantitatively, but sometimes evenOf light F(z) is_unknown and must be found self
PIC 'y 9 Y: . ..~ consistently. OnlyF,, i.e., the field strength at a sufficient
qualitatively. In particular, one of the most serious omissions;.
) . B . distance from the layer of electrons, where they have no
in the papers just cited is the disregard of the nonlocal char- o ) .
. o screening influence, can be considered assigned. At the same
acter of the relation between the electric field and the polar:. . . L . .
o time, for z-polarized light the electric inductio® is not
ization. ) .
. dependent orz and equalse..Fy, wheree,, is the lattice
In the present study we attempt to more rigorously treat,. . , .
T X dielectric constant. As for the field strengk(z), in the
the photoionization spectra of QW'’s and some other closel ; e .
. : : ... fqgquantum layers that we considered it is relatedDtdn a
related effects, which are associated with the depolarizatio o , Ny
nonlocal mannerD(z)= [~ _.e,{z,2')F(z')dZ .

phenomena in structures with a two-dimensional electron . . ) .
. ! : : According to the expressions obtained in Ref. 12, for a
gas. The preliminary results of this study were published i : .
wo-dimensional quantum system the component of the non-

Ref. 11. local dielectric constant of interest to us can be written in the
random-phase approximation in the form

2. BASIC EQUATIONS

Let us consider a quantum well of an arbitrary shape &,42.2')=¢.(z—2')—8mne*h®
U(z), assuming, in order to be specific, that . . . ,
i F g X[N ' ino(2)jho(Z)

U(—)=U(x)=0 and that the approach bf(z) to zero as >
=1 (En—Eo)[#*0’— (Ep—Eg)?]

z— *+ s fairly rapid, i.e., at least exponentidlLet there
be N bound states with the energi&s <0 and the wave : o
functions ¢,(z) (n=0,1,...,N—1) in the QW. The con- N J'°° jeo(2)jEo(z')dE @
tinuum states above the QW are characterized by a continu- 0 (E-Eg)[f°w*~(E—Ep)?] |’
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We multiply Eq.(1) by F(z")jgy(z) and integrate ovez and  achieved by varying only the width or only the depth of the
Z' in infinite limits. The result has the form QW or by varying both in different proportionsbut the
value of p does not depend on this choice. It is a unique

2% 3
PY=Pro— —87rnse f characteristic of the particular potential well, which has the
e meaning of the wave vector of a shallow bound stateen
N-1 © ko p<0, itis a virtual statp
Pl w z z')dz . .
[ s nof J”ZO(Z)JEO( ) , For near-resonant QW's, i.e., for smap|, the basic
=1 (En—Eg)[fi%0"— (Eq—Eq)’] equations of the problem consisting ¢f) and (3) can be

o Perof . ieo(2)ite(2')dz simplified appreciably by utilizing the fact that in a finite

f 0 —= =0 JEO, ~dE'{. (2) region of space of dimensidn<|p~?| the wave function of
o (E'—Eg)[A%w"—(E'—Eq)"] a state with a near-zero energy is proportional xt):

HereP,= (ie/w) [ jeo(z) Fodz is a standard matrix element #&(2)=Ce(p)x(2) if E>0, and In(@=\px(2) if E<O,

in a uniform field, which is proportional to the momentum Where

matrix element. Similarly, multiplication bl (z")j},(z) fol- 4MER2
lowed by integration gives C = . 5)
X e )= e A2 2Tam)
o 8mn.eh’
Pno=Pno— e Now, in the wave functions which determine the transition
* matrix elements the dependence on the coordinated the
Nz’:l Pl wimo(2)i%(2)dz energyE is separated. Hence it follows that
m=1 (Em_EO)[ﬁ2 2_(Em_EO)2] © . - 2 2
f_ Jero(2)jgo(2)dz=A/m“Cg(p)Ce/(p)J, (6)

f” Peof = wiEa(2)jro(z)dzdE 3
o (E—Eo)[#2a’—(E—Eg)7] | ®) .
3= f

Eliminating P,,, from the system consisting ¢2) and (3),
we obtain an integral equation for the matrix elemént
describing the photoionization of the QW. When the equa
tion is solved andPg, is found, the matrix elements of the
transitions between the discrete levBlg, are already easily

dx* dyo

04z gz X 9%

As a result, the integral equatiof®) is factored, and the
'system consisting df2) and(3) reduces to a system of alge-
braic equations. Of course, approximate E).is valid only

: _ for small values of|E|. However, for optical frequencies
found from the system of linear equatio(®. The problem close to the photoionization threshold of the QW just these

Just desgrlbed IS very complicated, buF It can be handled fo(/alues make the decisive contribution to the integral, justify-
one particular, but important case, which is described belovy

in Sec. 3. ng our approximate approach.
As will be shown below, the depolarization effects play

the most important role in a QW with near-resonant param-

eters, i.e., when there is a bound or virtual state with a nea#. ABSORPTION SPECTRUM

zero energy in the QW. Therefore, we shall focus our atten-

tion on this case, especially since just such QW'’s are used to thTo bsvst%ec'f'(.: In tr;e furthcejr cal(t:)ulatlgnst v¥e a}ssu?‘ettk;ﬁt
create photodetectors. in the Q ere is only one deep bound state, i.e., that the

energy of the first excited level is close to zero. When
p<0, this means that the system contains only the ground-
state levely, and continuum states. There are no interlevel
transitions with the matrix elemeng,, in the system, and

The expression “the near-resonant potential wellwe have a single integral equati@®) with a degenerate ker-
U(z)” means that it can be made resonant by slightly vary-nel for determiningPgq. This easily solvable equation gives
ing its depth andor) width. In other words, the numbegs

3. NEAR-RESONANT QUANTUM WELLS

and vy, which differ slightly from unity and are such that the p_.—p° p—iNZmEA @)
well U{z)=BU(yz) will be resonant, can be found. We F0 EOp—?i—i V2mE/h’

introduce the auxiliary functiory(z), the zero-energy wave - _
function for the resonant well .{z), which obeys the con- Where the parametem is proportional to the two-
dition | x| =1 asz— = . We use it to define the parameter dimensional carrier densitys:

p, which is a numerical measure of the proximity of a QW to nomre2h?
the resonant well, n=——-1J. (8)
Ege..m
P=(27—,3—1)m/ﬁzf dZx(2)|?Ured 2) (4)  Whenp>0, there is another shallow level in the QW with

the wave functiony;=\/pyx, and there is a second equation
(the multiplier following 2y—B—1 is of the order of the (3) associated with it for determining@,,. However, the
reciprocal characteristic width of the QWt can be shown calculations show that Eq7) maintains its validity at not
that the choice of3 and v is not unique(resonance can be excessively large values pf.
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As an example, let us consider two concrete types of E
QW's: a modified Poschl-Teller potential well \ \ /
U(2)=—h%a®\(\+1)/[2mcosif(az)] and a rectangular \
QW of width b and depthJ,. In the former case the integer \ X /
valuesA =N and y(z) =P\[tanh@2)], wherePy is a Leg- AN AN S
endre polynomial, correspond to resonant QW's. Let us con- —
sider the situation foh=1. As can easily be shown, in this n F
case

p=(312a(A—1), )

~ 4ng 1 2

n=——. (10
a“ag FIG. 1. Schematic representation of the dependence of the position of the

. 2 62 . discrete line of the 8-1 transition(solid curve and the maximum in the
Here ag=e.fi“/me’. For a rectangular QW  with photoionization spectrum of a QWdashed ling on the parameters of the

V2m Uobzﬂ'ﬁ QW without regard for the depolarizatigii) and with allowance for the
2 252 depolarization(2).
o 1 Th 11
P~ 2b| = 2mUyb?)’ (1)
- wnsb2[2772—6§2+(772/2— 28%)¢ With the exception of the case of an exact equality between
n= 7 , (12) =~ : :
agé [ 1+&/2 p and n, this expression has a maximum at a quantum en-

ergy f wma=|Eo| +#%(p—n)%/2m that exceed$E,|. Figure 1

&= 2m|Eo|b/%. shows the p|os|ition of the maximum as i fanction of the

As follows from Eq.(5), the one-electron matrix element parameters of the QW. We note that the expression just pre-
Pg, has a pole aE = —#2p?/2m, which determines its am- sented is an even function pf-n. Therefore, either an in-
plitude at small positive values &. However, it cancels out crease or a decrease in the width or depth of the QW in
in Eq. (7), and we find that the expressions fBﬁO and  comparison with the critical value transforms the shape of
Pgo differ only by the replacemeni—p—Tn. the absorption curve in an identical manrigy within the

We proceed directly to an analysis of the dependence oshift of its edge. The cases of positive and negative values
the absorption coefficien on the frequency of the light of p—n are distinguished only by the presence of an addi-
w. We, first of all, recall that in the absence of depolarizationtional discrete absorption line in the former césee Fig. 2
effects there is an absorption edge with a red boundary It can easily be seen that at large valueggf i.e., far
wo=|Eg|/#%, which corresponds to transitions to continuumfrom resonance, the depolarization effects influence the ab-
states above the QW, and when-0 and there are two sorption spectra only at very high valuesmf. This justifies
bound states in the QW, there is also a discrete peak atur focusing on a “near-resonant” QW, in which, as was
ho=|Eo|—h2p?/2m, which corresponds to transitions be- previously notedthen, without substantiationthe depolar-
tween these states. ization effects are most significant.

As has already been noted, consideration of the depolar-
ization effects reduces essentially to the replacement
p—p—n in the matrix elements and the absorption spectra.

This is a key factor for understanding the role of depolariza- 1
tion. As was already noted in Ref. 8, the position of the
absorption edge, does not depend on the doping level. In o a oc b
all other respects, an increase in the carrier concentration in a
QW has the same influence on the absorption spectra as a
decrease in its depth or width. #>0, as the concentration
increases, the position of the discrete peak shifts according to
the law#w=|Ey| —#%(p—n)?/2m and vanishes at =p af-

ter reaching the absorption ed¢see Fig. 1L Formally, this

is because the pole of the matrix element moves over to the o c
nonphysical surface of the complex plane. Thus, for wells

with a power 0<p<n the shallow electron bound state is
not manifested in the intersubband optical absorption spec-
tra.
The absorption edge, which corresponds to transitions to @
the continuum, is given by the formula

FIG. 2. Evolution of the absorption spectrum in a QW wijtk-0 as the

Vho+ Eo doping level is increased: a -A<p; b —n=p; c —n>p. a— The arrow
a(w)x > =~ . (13) marks the position of the absorption line for transitions between bound
fi“(p—n)2m+hw+E, states.
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A resonant QW, in which the energy of one of the ex-0< p<n. Nevertheless, the state actually exists and can be
cited levels after the first one is close to zero, can be treategetected in other experiments, for example, by measuring the
in a similar manner. The actual calculation is complicatedRaman Scattering or the interband 0ptica| absorption_

since the system consisting (#) and (3) reduces to an al- This work was performed with support from the Russian
gebraic equation of an order higher than second. Fund for Fundamental Resear@®roject 96-02-17961and

the Ministry of Science of the Russian Federation as part of
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It is shown that the self-organization effects appearing during\ttegcle deposition of

Ing sGay sAs(12 A)/GaAg50 A) lead to the formation of ordered arrays of vertically coupled
guantum dotgVCQD’s). The optical properties are investigated as a function of the number of
deposition cyclesN\=1-10. In cases of injection heterostructure lasers with an active

region based on VCQD’s it is shown that increasing the nurhbef deposition cycles from 1

to 10 makes it possible to lower the threshold current density at 300 K from 950 to 97

Alcm? and to achieve a continuous lasing regime at room temperature with an output power of
160 mW per mirror. ©1997 American Institute of Physids$1063-782607)00706-(

A dramatic increase in the interest in the investigation ofGaAs layers with a thickness of 50 A. Each of tiénGaAs
heterostructures with spatial confinement of the carriers ilayers was grown in a submonolayer regime:
two or three dimensions, i.e., in quantum wires and quantunilAGaAs+ 1A InAs+10s interruptionx 6.2 When the ac-
dots, has recently been observed around the woBdch tive layer and the GaAs cladding layer with a thickness of
structures are of considerable interest from the standpoint df00 A were deposited, the substrate temperature was equal to
their fundamental properties and are very promising for em485 °C, while it was equal to 600 °C during growth of the
ployment in micro- and optoelectronic devices. Injection het-remainder of the structure. The laser structures were grown
erostructure lasers with an active region basedmnGaAs/ in the standard geometry for a separate-confinement double
GaAs quantum dots exhibit ultrahigh temperature stability otheterostructure(an SC DHS laser with a graded-index
the threshold current density, with a characteristic tem- waveguide. The geometry of the laser structure was similar
peratureT, of order 350—400 K over a broad temperatureto that described in Ref. 3. The active region was an array of
range (80—150 K.? As a result of the thermal ejection of VCQD’s. The substrate temperature was 485 °C during
carriers from quantum dots at higher temperatudgs,in- growth of the active region and the 100 A GaAs cladding
creases] decreasesT,= 60 K), and the wavelength of the layer, 630 °C for the waveguides, and 600 °C for the remain-
laser output undergoes a blue siiife., a shift toward ener- der of the structure.
gies close to the energy of the optical transition in the two-  For the photoluminescence investigations of the sample,
dimensional wetting layér The use of arrays of vertically an upper contact layer was removed on the laser structures
coupled InAs quantum dots in a GaAs matrix has made iby chemical etching. The photoluminescence was excited by
possible to significantly improve the working characteristicsan Ar" laser, and a cooled germanium photodetector was
of such lasers and to achieve laser emission via the groungimployed to detect it. The calorimetric absorption spectra
state at 300 Kat a wavelength of 1.0am).3~° At the same  (CAS) were recorded at 500 mK. The minimum detectable
time, the threshold current density remained fairly higB0  value of ad was 10°°.” To minimize the output losses and
Alcm? at 300 K). attain the minimum threshold current density, lasers with

In the present work we used photoluminescence, calorifour cleaved faces were selected for the electroluminescence
metric absorption, and electroluminescence to investigate thavestigations. The working characteristics were measured
optical and laser properties of vertically coupled quantumunder pulsed pumpiné¢the pulse duration was 100 ns, and
dots (VCQD’s) with different numbers ) of InGaAs lay- the repetition rate was 5 khlzn the temperature range 80—
ers. Information on the structural perfection and geometry o800 K. Stripe laser diodes were used to measure the power-
the VCQD’s was obtained using transmission electron mi-current characteristics in a continuous regime. The lasers
croscopy(TEM). were soldered by an indium strip on the inner wall of a

The structures were grown on GaA80 substrates. The copper heat dissipator. No reflecting or transmitting coatings
active region, which has the form of an array of VCQD'’s, were deposited on the cavity faces.
was located in the middle GaAs layer with a thickness of 0.2  Figure 1 presents photomicrographs of a sample with six
pum, which was bound on both sides by short-periodlayers of InGaAs VCQD’s, which were obtained by trans-
AlAs (20 A)/GaAg20 A)x 10 superlattices. The array of VC- mission electron microscopy.

QD’s was formed as a result of tHé-cycle deposition of We investigated elsewhéréhe formation of the InAs—
InGaAs with a thickness of 12 A separated by interveningGaAs VCQD’s. We showed that the VCQD’s form because
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FIG. 2. PL spectra of structures with InGaAs VCQDN £ 3) at 300(a)

and 8 K(c) (in Fig. 2a the energy axis has been displaced by the magnitude
of the temperature shift of the GaAs gap width for the sake of clasityd
calorimetric absorption spectrum of the same structure at 50QbnK

FIG. 1. Photomicrographs of a sample with six layers of InGaAs quantumdot® At high observation temperatures it is also possible to
dots obtained b_y transmission electron microscapy— view from above, |dent|fy a PL line from the Wet“ng |ayer_ As the temperature
b — cross section. rises, these lines shift to longer wavelengths in accordance
with the temperature shift of the GaAs gap width. The peaks
from the ground state and the excited state in the PL spec-
of self-organization involving the transfer of(lBa, A from  trum coincide with the analogous peaks in the calorimetric
lower dots to upper dots and its replacement by GhAs.  absorption spectrum, attesting to the presence of a high den-
can be seen from Fig. 1, the lateral dimension of the lowesity of well- formed quantum dots of uniform size, in agree-
island in an InGaAs VCQD is about 140 A. The lateral di- ment with the data from electron microscopy.
mensions of the islands in each successive row gradually Figure 3 presents the PL spectra of structures with dif-
increase, reaching 260 A for the upper island. The density oferent values oN at a high excitation density. It is seen from
the dots is about 56x10' cm 2. The dots are locally the figure that for the sample witi=1 considerable satu-
ordered in the lateral plane along tf@01] and[011] direc- ration of the luminescence associated with the principal tran-
tions (Fig. 1a. As can be seen from Fig. 1b, each vertically sition in the VCQD’s occurs at such excitation densities and
coupled quantum dot consists of six InGaAs islands sepahat the spectrum contains an intense line associated with
rated by narrow intervening GaAs layers. Thus, the wavdransitions involving ground-state holes in a dot and elec-
functions of the upper and lower islands overlap signifi-trons localized in the wetting layer. The emission of the wet-
cantly, i.e., from the standpoint of their electronic propertiesting layer is observed on the short-wavelength edge of the
the VCQD’s comprise a single systém. PL line of the quantum dots. For the sample with-3 the
Figure 2 shows the photoluminescer(@.) and calori- saturation of the luminescence via the ground state is less
metric absorption spectra of a structure with=3. At low  pronounced, and, finally, in the case N&6 virtually no
excitation densities the spectrum exhibits an intense linesaturation is observed. This finding is consistent with the
which is caused by the ground exciton state of the VCQD’sdecrease in the radiative lifetime for InAs/GaAs VCQD'’s as
At higher excitation densities the spectrum displays an addiN increase$.
tional peak caused by the excited exciton state in a quantum Increasing the number of layers in growing the VCQD'’s

572 Semiconductors 31 (6), June 1997 Maksimov et al. 572



1
2
=3
T
o
o
:

oW 300K
In GaAs 47 220f r ]

PL 8K _zo0p [ 15

500 w/em? % re0} - 1=1500mA ] §
by B 4

*~ 150} o 1>

s | 13

20 o ©

N N 1%

& e C 1=1000mA

5 o0 n b

- - 13

R or L 13

E sof N I=400mA 8

B RES

N w0 C 48
= 201 - 1=50mA
J ' f L I_/"‘l/l " ]

N=6 i 500 1000 7500 900 950 080 1950 1160

Current,mA Wavelength,nm
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N=3 ous pump currentg).
L to N=10 permits a sharp decrease in the threshold current
i density Jy, at 300 K (from 950 Alcnt for N=1 to 97 A/
L cn? for N=10) as a result of the increase in the overlap
L N=1 factor of the light wave with the active region of the laser
= 1'3 oy —/75 (Fig. 4). The sharp decrease in the threshold current density

permitted the achievement of a continuous operating regime
for a VCQD stripe laserN=10) at room temperature. Fig-
FIG. 3. PL spectra of structures with InGaAs VCQD for various values of Uré 5a presents the power-current characteristic of a laser
the number of deposition cycléé$ (high pump density with a stripe width equal to 6@m and a cavity length equal

to 1200um at 300 K. The differential efficiency was 23%.

The maximum power level obtained per laser mirror was

equal to 160 mW. The emission spectra in the spontaneous
o and stimulated emission regimes are shown in Fig. 5b. As
\ o J. 300K can be seen from Fig. 5b, an increase in the pump current

th from 400 mA to a maximum value of 1500 mA leads only to
weak broadening of the laser output spectrum and a slight
N\ shift of its maximum toward shorter wavelengths. The spec-
N trum does not contain additional lines associated with lasing
- N involving states of the wetting layer. Thus, up to the maxi-
o mum pump current corresponding to an output power of 160
- N mW per mirror, the generation of the laser emission involves
N\ the ground state of the quantum dots, and gain saturation is
N not observed.
- ~ Thus, the optical properties of VCQD’s have been inves-
tigated in the present work, and it has been shown that the
N use of VCQD'’s in laser structures permits the achievement
of laser emission via the ground state of the quantum dots at
- N room temperature in a continuous regime with an output
- > power of 160 mW per mirror.
~ This work was supported by the Russian Fund for Fun-
~ damental Research, the Volkswagen Foundation, the Soros
~ Foundation, and INTAS Grant No. 94-1028.
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Formation of carrier generation centers in pure Si upon interaction with fast ions
A. M. Ivanov and N. B. Strokan
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Fiz. Tekh. Poluprovodr81, 674—679(June 199Y

The radiation defects ip* —n—n" structures based on puretype Si irradiated by particles

and fission fragments from natural-decay sources are studied by deep-level transient
spectroscopyDLTS). The nature of the components of the reverse current in the structures
caused by carrier generation via deep levels is investigated. The systems of deep centers for light
and heavy ions are found to be identical. A correlation between the generation component

of the current and the concentration of the+0.33 eV centers bound to interstitial carbon is
observed after a low-temperature anneal. In the case of heavy ions the DLTS spectra do

not have the expected peak positions and shapes associated with the pileup of local defects. An
estimate of the generation rate in a model of Iggaln junctions shows that clusters of

defects create a significantly smaller current than does an equivalent number of defects with deep
levels located in tha@-type host of the structure. @997 American Institute of Physics.
[S1063-782607)00806-5

Considerable attention has been focused in recent yeacsirrent for each structure served as the reading of the integral
on the behavior of pure Si exposed to hard nuclear radiatiorradiation-center generation activity. Simulation of the ap-
The appearance of electrically active centers in neutron fieldpearance of vacancies when ions are stopped using the TRIM
has aroused special interest. This process is associated withograni was also employed.
the possible utilization of silicop™ —n—n™ detectors in The methods indicated are well known and do not need
supercollider systems. One of the problematic points is théurther explanations, with the exception of the observation of
increase in the reverse currentpf —n—n* structures with  the current in a reverse-biased —n—n" structure, which
the neutron dose, i.e., the appearance of generation centens. a form of an “ionization chamber.” The value of the

The formation of defects under neutron bombardmenteverse current clearly corresponds to the rate of the genera-
occurs as a result of the formation of Si recoil atoms; theretion of carriers in the region of the field, including their
fore, the process is essentially determined by the interactiothermal generation, via centers introduced by the hard radia-
of the Si lattice with ions of “medium’” mass. We previously tion. However, not all the types of radiation defects are
observed a number of special features in the behavior of thmanifested in the current. As will be shown below, extended
generation current when diode structures weredefects, which create a potential well, can make a vanish-
ion-irradiated™? In the present work a comparative analysisingly small contribution to the current.
of the Si radiation defects from light and heavy ions is per-
formed, and conclusions regarding their nature and the gen-

eration activity are drawn.
GENERATION BY POINT CENTERS

We previously observéahat the increment of the gen-
eration component of the current ofpd —n structure per
The investigation was performed @i —n—n" struc-  ion for « particles and fission fragments does not correspond
tures prepared according to a planar technology from pure 36 the number of primary Frenkel pairs formed. For example,
with a resistivity (p) greater than 5001 - cm. In addition, Si  when the ratio between the numbers of pairs was 300:1 in
with p=60() - cm, on which a rectifying barrier was created favor of the fission fragments, the currents per ion were
by sputtering gold, was used for a precision determination oéqual to 4.5 10 ° nA and 510 8 nA, i.e., they differed
the concentration of the centers upon irradiation by ions wittby a factor of 900. It is significant that the DLTS spectra had
a short mean free path. a similar structure. The difference between the currents was
Radioactive’>%u and**Cm were employed as sources attributed to the less favorable conditions for charge ex-
of light ions (« particles. The heavy ions wer@Cf fission  change involving the primary Frenkel pairs in the fragment
fragments. Data on deuteron irradiation in an electrostati¢racks, since the regions of intense carrier generation and the
accelerator were also used. lon irradiation was generally cafermation of atomic displacemeng® contrast to the track of
ried out in small doses, at which the ion tracks in Si did notan « particle are spatially separated. Accordingly, a small
overlap one another. fraction of the defects that were created recombine. As a
The principal investigations were performed using deep+esult, the emission of vacancies and interstitials from the
level transient spectroscopDLTS). The spectrum of the track of an ion(followed by the formation of complexes in
levels of the radiation centers and their concentrations werthe Si bulk is more effective for fission fragments.
determined by this method. The increment of the reverse Let us see whether it is possible to relate the current

EXPERIMENTAL SAMPLES AND METHOD
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TABLE I. Values ofK for ions of different mass.

@ a E4 K, nA
B 1.0 - . Py .
g . Treatment regime “Cf fragments  a-particles deuterons
o 0.8 ° After irradiation 20.%x10°8 7.9x10°%  6.4x10°8
& E1 . * Annealing for 1 h, 180 °C 61078
S 06 o » Annealing for 2 h, 77 °C 38108
E,Ul; b . +1h, 150 °C
3 ., E2 . .
S0z °, . .
= ob L " (E.—0.4 eV; 0,=2x10 6 cn?) is produced by at least
L . ; . two centers: a divacancga singly charged negative state
0 700 150 200 @ 250 and a vacancy-donor compléan E centej. After exposure
0.8} T.K ” to « particles, theE3 peak E.—0.29 eV; o,=2x10" Y/
2 =E7 b LA cn?), which is assigned to a phosphorus-interstitial carbon
g A -' » complex, was also observed.
S - . The lower half of the band gap was investigated in the
5 - - hole injection regime. Here the following carbon centers
"B: o4t . . * were observed both in the case®particles and in the case
g, E2 E3 . of fission fragments(Fig. 19: C, (H1=E,+0.33 eV;
3 . & ___' 0,=9x10"" cn?) and G-C; (H2=E,+0.4 eV;
» 02f _ . . 0,=3x10 *cn?) (see also Ref. ¥
= . "_ ." In the system of levels just described tRecenter is
| uew - most active in generation. This center, which is located near
0 the middle of the band gap, has large carrier capture cross
50 700 750 200250 sections (0,=5x10"® cn?, ¢,=2.7x10 3 cn?). Let us
0.4t T, K see how the current and the number of centers forming the
: 4 E4 peak are related in our case. To compare ions of different
w 0.2 A E1 ¢ s mass we introduce the quantitg=Al/VN(E4), i.e., we
et | =5 - normalize the current increment to the concentration
5 0 ) : L N(E4) of these centers and the voluriein the region of
<-0.2F . H2 radiation damage.
§ .1 . . The values oK for Si samples irradiated b§<Cf frag-
- 0.4 . ments,a particles, and deuterons from the data in Ref. 2 are
-0.6F n presented in Table I. Instead of the expected constancy of
3 0.8k »a K, we observe an increase in it with increasing mass of the
o M.. ion, which makes it difficult to unequivocally relate the na-
]1.0F . . ' ) ture of the current to the levels of tle4 peak. It is also
50 100 150 200 250 indicative that low-temperature treatments, during which the

T,K

E centersand possibly the divacancidsusually anneal out,
do not eliminate the difference between the value& dbr
bombardment by fission fragments andoarticles.

FIG. 1. DLTS spectra for bombardment by fission fragmeasand « . . L . .
particles(b, ¢. Measurement regimes; b — without injection ¢ — with To visualize the significance of the data in Table | with

injection of minority carriers for determining the levels in the lower half of respect to the variation of the amplitude of thé peak upon
the banq gap. Similarity between the positions and shape of the peaks in tlmqnea"ng in the case af particles, the concentration of the
spectra is observed. centers was compared with the value of the cur(&id. 2).

According to Ref. 8, the annealing time constagtof the

E centers in seconds at the temperaflizds described as
increment to the content of a specific level in the DLTS _
spectrum. Figure l1a presents the spectrum of a sample irra- 7a=1.4X10"° exp(Eq/KTy). @)
diated by 2°°Cf fragments. The structure of the spectrum The value of the activation enerdy,=0.95 eV was
mimics the system of levels fowr particle (Fig. 1b. The obtained for a neutraE center. This value corresponds to
El peak E.—0.18 eV; o,=2%X10 Ycm ?) [0np is the  large irradiation doses, at which the Fermi level is displaced
electron (hole) capture cross sectidncharacterizes the toward the middle of the band gap. If tlecenter is located
vacancy-oxygen complexeé (centers, as well as the com- below the Fermi levelis negatively chargedE, increases,
plexes formed by an interstitial carbon atom and a carbomand it is annealed out at higher temperatures. According to
atom at a lattice site(la G—C; centej. The E2 peak Eg. (1), only a very small percentage of the centers are an-
(E.—0.22 eV;0,=2x10 1 cn?) is assigned to a doubly nealed out durig 1 h atT,=50 and 75 °C(1.0 and 3.5%,
charged negative divacancy state, and tRd peak respectively, and the bulk of the centers are annealed out at
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FIG. 2. Variation of the reverse curreft) and the concentration of the
H1 (2) andE4 (3) centers after bombardment yparticles. The numbers
along the horizontal axis correspond to the situatidns:= before irradia-
tion; 2 — after irradiation by a dos@®=2x10° cm ?; 3-6 — after irra-
diation followed by annealing over the courdelch atT,=50 °C(3), 50 °C
(4), 75°C(5), and 150 °C(6). A correlation between the behavior of the
current and the concentration of the carbon-contairitig centers is ob-
served. Te= 20 us. Therefore, it should be concluded that the cur-
rent drop in the temperature range in Fig. 2 is not caused by
the centers responsible for tiel peak.

The H1 center, which is bound to an interstitial carbon

T,=150 °C® However, in the experimeriFig. 2) the ampli- ) :
tude of theE4 peak scarcely decreased during annealing irft™M(Ci), can be responsible for the generation current to a
the temperature range 50150 ¢C h). The remaining pa- large degree. An estimat@vith consideration of the me-

rameters determined from this peak, viz., the ionization entnodical details of the measurement qf &cording to Ref.

ergy of the center and the carrier capture cross section, alsp>) 91VeS 7eir= 90 us, which is significantly closer to experi-

remained essentially the same. Conversely, the current dgjent than is the value for the case of divacancies considered.
creased significantly after annealing 5525,0 75. and Additional confirmation is provided by the low-temperature

150 °C. annealing datgFig. 2), where a clear correspondence be-
The results with respect to t&4 peak can be explained tween the decreases in the concentration ofHHe centers
by taking into account the small concentration of donors,and the current is observed. These re_sults allow us to con-
~3%10% cm3, The irradiation dose of particles in the clude that the n_ature_c_)f the generation current is largely
experiment~2x 19° cm™2, corresponds to a concentration traceable to the interstitial carbon.
of primarily created vacancies of 6x 10 cm 3. Under
these conditions the role of tHe centers in thee4 peak is GENERATION OF EXTENDED DEFECTS
i:ts|gggéiant;ezr;?nitgzts|vacanC|es, which anneal out mainly Above we considered the manifestations of simple
Howe’v%r(even witﬁout allowance for the absence of a(single) centers. However, it is generally known that regions
correlation with the current upon annealintpr the concrete of lattice defects with dimensions greater than the inter-
A . atomic distances form when the energy of the recoil atoms is
values of the parameters of the level it is difficult to attrlbuteIarge The type of conduction in regi)clans with dimensions
:Ee Increase in thefg;_neranor_l currenfc folgmflvm%rrad(ljatﬁn f< 200 A is generally altered. Let us see how such formations
© aplpearark;c?t Ot' |\{[?]canc;es,_zaz>|<n1 O_Eies' e an d th : n be manifested in our case for irradiation by heavy ions
example, substituting the value,= cm” and the  ision fragments

FIG. 3. Dependence of the amplitude of the peaks in the DLTS spectra for
the E1 (a) andE4 (b) centers on the temperature. The characteristic drop in
the amplitude of the DLTS peaks with the temperature for defect clusters is
not displayed.

. . _ 2 _3 -
divacancy con_centratloNt—1>§ 10 em 2 into the formulq . First, the presence of defect clusters has an influence on
of the generation rate according to Shockley—Read statisticg, position of the peaks in DLTS spectra, because the pa-
(see, for example, Ref. 12 rameters of the point defects in a cluster and at its periphery

differ from those in the matrix of a cryst&t.In our experi-
N _ n Tnop VN ments we did not observe any differences between the posi-
et oneXH (Eq—Ej)/kT]+opexd (Ei—Ey)/kT] tions of the peaks after bombardment by particles and

(2) 25t fragments(Fig. 1).
In addition, an important role is played by the field cre-
(n; is the intrinsic carrier concentratiof; and E, are the ated by the contact potential difference between each cluster
energies corresponding to the middle of the band gap and thend the host. In the region of the field, the position of the
position of the generation cenjefor the lifetime we obtain  point defect centers relative to the Fermi level varies over the
Te=40 ms. Such a value cannot account for the observedadius of the cluster. This gives rise to a characteristic de-
current densities of-2x 10 7 A/lcm?, which correspond to  pendence of the amplitude of the peak on the temperature,
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100 The voltage applied to the elements of the structure dis-
i places the regions of sectidn(see the inset in Fig.)4for-
ward and thereby creates the conditions for the injection of
holes from thep-region. However, because of the neutrality
condition, the currents through sectiohsand 2 should be
equal. The escape of holes from the well can be compensated
for by an outflow of electrons through secti@nAs a result,
the stationary current through the structure initiated by the
presence of the locad-region is determined by its minority
carriers, i.e., the electrons. The electron current from a hemi-
sphere of radius (providedr=L) is written as

10

0.1t

0.01

Lol 1 1 n 1 P S |
10 100
/P

enL r?
lp-n=2mr2——=2men’\D/7 .

FIG. 4. Ratio between the generation currents=(,_,/1.) for the forma- Here the diffuf/izvity D, the lifetime 7, and the diffusion

tion of a localp-region by defects and for dispersal of the same number oflengthL = (D 7) ' refer to electrons. The hole} and elec-

defects in then-type host as a function of the radius of the neutral core of tron (n) concentrations are related to one another through the

the p-regionr. ry=100 A. Number of defectsl — 10; 2 — 10%; 3 — value ofn; aspn= n2

10°. Inset — variation of the potential nearpatype inclusion for a linear = ! licit He that is det ined by th

geometry. The valueg>1 are realized for “loose” formations. or simplicity, we aslsume. IS de erm'n_e y the
deep centers of th@-region with a concentratio =p.
This means that defects in thperegion make an equal con-
tribution to the formation of the deep and shallow centers

which can be revealed by varying the velocity window whenwhich are responsible for recombination and conduction, re-

the spectra are recordédUnder these conditions the ampli- spectively. Sincer= (Mo, ve) L, we have

tude of the peaks at high temperatures dipBigure 3

2
shows the dependence of the amplitude of_ th_e DLTS peaks |p7n:277eni2 /—DUan r—=47reni2 /2_77 D(Tthhr7/2_
on the temperature for bombardment by fission fragments. \/H 3 Ny

The reverse _effect, i.e., an increase in gmplitude with tht?_|ere N, is the number of defectésingle defectsthat par-
temperature, is observed. Thus, changes in the DLTS spect{%ipate in the formation of th@-region. On the other hand
that are characteristic of defect clusters were not observed gion. '

This raises the question of how clusters can influence thg the same number of defects, which act as point centers,

value of the generation current. In this context, we note thagenerate carriers in the host, the current, according 162,

. ; . . IS l.=en/7es.
when point centers are introduced into a certain volurpe The ratio between the currents for the two possibilities
only the mean concentration in the volume is important forfor the manifestation of defects in carrier enFt)eration de-
generation. The actual distribution ol centers(for ex- 9

ample, in the form of clusterdias no effect on the resultant scribed above is

value of the lifetime. In fact, the total number of centers
actually appears in the expression for the current: lp—n —A4x /2_7Tn_ / D 72N 32
c 3" OnVth d
€ 2

Lo

oo | o 5|

—ex +ex .
Here, for clarity, we have presented a simplified version of Ip kT kT
Eq. (2). This situation is maintained as long as the presence The dependence af on the cluster dimensions for dif-
of the clusters does not produce a potential well. Let us exferent values of the number of defects in a cludigris
amine the case in which alteration of the type of conductiorpresented in Fig. 4. It follows from the figure that the values
occurs and, of course, a logadtype region forms. This cor- y>1 are realized when the geometric dimensions of the de-
responds to the model in Ref.(ee also the monograph by fect clusters exceed the normalized vahge=100 A. This
Konopleva and Ostroumd¥), where the presence of local means that regions @f-type conduction with a high concen-
p* —n junctions was postulated in the case of Ge. For Si theration of defects[for example, classical “disordered re-
situation regarding the conductivity of a region of defectgions” with p=10'° cm 2 andr=200 A (see Refs. 17 and
clusters is less clear. However, the accumulation of a considt8) are virtually not seen in the generation current.
erable charge of acceptors in the base region was established It should also be stressed that=1 simultaneously cor-
whenp®—n—n" structures were irradiated by large dosesresponds to a hole concentratisrl0** cm™23. The assump-
of neutrons €10 cm™?).2° Therefore, our estimate of the tion that there is a neutral core in tiperegion can be vio-
generation activity of the defects is based on the model itated at these values. If there is no screening of the electric
Ref. 172 The potential well appearing for the minority car- field by the shell of ionized acceptors, the deep levels of the
riers, i.e., the holes, is surrounded by a host witliype  p-region perform generation like centers in theype host.
conduction, and it has a floating potent{ake the inset in In general, from the standpoint of lowering the genera-
Fig. 4). tion current it is advantageous that the defects appear in

en
l.=—ovyM.

X
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dense clusters of small radius, 10> A. Such “conglomera-  2in a recent pap&? Bruzziet al, proposed considering a more complicated
tions” generate to a significantly weaker extent than does thebarrier structure, in which th@* region does not have an electrically
same number of centers dispersed in the matrix of aneutralpart

p"—n—n" structure.
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Influence of hydrostatic pressure on the electron mobility and the correlation properties
of a mixed-valence system of iron impurity ions in HgSe:Fe crystals
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The influence of hydrostatic pressure on the mobility of the electrons in HgSe:Fe crystals in the
low-temperature region is investigated theoretically. The pressure dependences of the
contributions of the scattering on the correlated system &t Fens, the alloy potential, and the
randomly distributed ions to the electron mobility are analyzed. The variation of the degree

of spatial ordering of the FBé ions as the pressure increases is considered19@7 American
Institute of Physicg.S1063-782607)00906-X

1. INTRODUCTION tron mobility was investigated experimentally in HgSe:Fe
crystals in Ref. 5 and in HgSe:Fe,Ga crystals in Ref. 6. It was
The unusual character of the physical properties ofestablished that under the mixed-valence conditions the elec-
HgSe:Fe crystals is attributed to the formation of atron concentration decreases with increasing pressure and
Fe*—Fe" mixed-valence state at the Fermi level when thethat in the HgSe:Fe samples the electron mobility is an in-
concentration of iron impurity iorJrsNFe>N§e:4.5>< 10'®  creasing function of the pressutayhile in HgSe:Fe, Ga
cm™ 3. The presence of mixed-valence iron ions at the Fermsamples withNg.=2x 10" cm~2 and Ng;=2x 10'® cm™3
level, which have the same energy, allows thioles(posi-  the electron mobility decreases with increasing pressure.
tive charges in the iron ionsto redistribute themselves The interpretation of the experimental data in those studies
among the crystal-lattice sites occupied by Féns. There- was based on a modified version of the model of short-range
fore, the Coulomb repulsion between tlde holes under correlations proposed in Refs. 7 and 8. As was shown in 3,
mixed-valence conditions leads to their spatial ordering. Asuch a version of the model of short-range correlations is
the concentration of iron impurity ions increases atvalid only in the case of Coulomb correlations and can be
Ne>NE,, the concentration of lattice-neutral #ecenters  used to qualitatively account for the behavior of the mobility
(No=~Nge—NEg), which are available sites for the redistribu- in HgSe:Fe crystals with a small content of iron impurity
tion of d holes, increases. The degree of spatial ordering ofons Ny /N, <1. Therefore, the conclusions in Refs. 5 and 6
the FEé™ ions increases, and the scattering of electrons omegarding the influence of pressure on the electron mobility
them weakens. This leads to an anomalous increase in tle@nnot be considered fully substantiated. Moreover, the con-
electron mobilityu in HgSe:Fe crystals at low temperatures tribution of the scattering of electrons on the correlated sys-
as the content of iron impurity ions increages. tem of FE" ions was separated in Refs. 5 and 6, and thus it
Hydrostatic pressure applied to HgSe crystals leads to hecame possible to extract information on the influence of
decrease in the effective mass and the density of states in tipgessure on the degree ordering of the iron ions.
conduction band.When these crystals are doped by donor ~ Here we shall base our discussion on the version of the
impurities, for example, Ga, or wheMi< N, the concen- model of short-range correlations proposed in Ref. 3. This
tration of the conduction electroms, remains constant, and version is valid for weak and strong Coulomb correlations in
the Fermi level rises as the pressure increases. We shall céfle correlated system of £e ions. In Ref. 3 this made it
this the donor-impurity regime. For the mixed-valence statepossible to quantitatively account for the dependence of the
the Fermi level is fixed at the irod level (ep=e,=0.21  electron mobilityx on Ng, over a broad range of concentra-
eV), and an increase in hydrostatic pressure leads to a d&ons of iron impurity ions. In the present work, in contrast to
crease in the electron number dengity. Therefore, mea- Refs. 5 and 6, we shall analyze the influence of pressure on
surements of the Hall effect and the Schubnikov-de Haaghe scattering mechanisms that determine the electron mobil-
oscillations under the conditions of hydrostatic pressure perity in HgSe:Fe crystals at low temperatures, as well as on the
mit fairly reliable identification of the presence of the mixed- degree of spatial ordering of the correlated system Jf Fe
valence state in HgSe:Fe crystals when they are doped witiens.
donor impurities. It is noteworthy that pressure allows us to

vary the ratio between the concentrations of charged iong INFLUENCE OF PRESSURE ON THE SCATTERING OF
Nes+=N, and lattice-neutral iron ionNg2+=N, and :

. X ELECTRONS IN HgSe:Fe CRYSTALS AT LOW
thereby to alter the degree of spatial ordering of the corre- CTRONS gSe:Fe CRYSTALS ©

: . C 2 TEMPERATURES
lated system of F& ions. Therefore, investigations of the
dependence of the electron mobility on the pressure can pro- It was established in Ref. 3 that the main mechanisms
vide new information on the ordering of ¥e ions in  for the scattering of electrons in HgSe:Fe crystals under
HgSe:Fe crystals. mixed-valence conditions at low temperatur@s<(4 K) are
The influence of pressure on the Hall effect and the elecscattering by the correlated system of Feons and alloy
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scattering. According to the model proposed in Ref. 3, thdurbation theory with respect to a small parameter. The fol-
system of F&" and Fé" ions in these compounds can be lowing equation, which specifies the dependence of the
regarded as a béznary alloy consisting of chargee*) and  packing parameten on Ng, was derived in Ref. 3:
lattice-neutral(Fe&™) ions. Relaxation of the electron mo-
mentum occurs as a result of interactions with these centers.  7(NFe) = 71— €Xp(— 7Nge/ 7 N.)]. )
The expression for the electron mobility can be written in theThijs equation makes it possible to calculate the contribution
form® of the scattering on the correlated system of‘Fions to the
electron mobilityu. .
,u(NF9)=,uBH<DBH{CDC(kF)JrA(kF) Let us now consider the influence of pressure individu-
ally on each of the electron scattering mechanisms in
12 1 Nol) 2 HgSe:Fe crystals at low temperatures in the donor-impurity
N_+) D o(kp) + EA(kF)m“ , (1) regime and in the mixed-valence state. The main effect of
hydrostatic pressure is a decrease in the energysgape-
ppn=3mhe/(m(eg)Eg(eg)Pgu(ke)), tween thel'g andI'g bands. Its influence on the other band-
1 1 structure parameters is significantly smaller and can there-
®Pgy=In(1+bg")—(1+Dbs 7). 2 fore be ignored. The influence of pressure on the electron

Here ugy is the Brooks—Herring electron mobility caused by density and the kin_etic characteristics of HgSe:Fe crystals
scattering by randomly distributed ions with a concentratiorfan be analyzed using the two-band Kane médel:

X|2

N;=ng; M(eg) is the electron effective mass at the Fermi e 2 %2K2

level; Eg(eg) is the Bohr energybs=(2kery)?; rg is the 8(k):_9 1+ —— —1”,

screening radiusA(kF)z(kﬁxVO)/(wez) is the ratio be- 2 &g Mo

tween the interaction constants of electrons with the neutral 4 p? [A+3/2-¢

(V) and charged iron ionsy is the dielectric constant; ac- mg =3 5% A+—g> 5)
cording to the estimate in Ref. 3A(kg)=~0.1, and g &g

Vo=~9x 10 23cm, which is consistent with the data in Ref. 9 For HgSe crystalsA=0.45 eV, £4=0.22 eV, and

regarding the scattering of electrons by neutral centers ifng ~0.024m,, wherem, is the free electron mass. The mag-
gapless semiconductony;, andN, are the concentrations of njtude of the energy gap between thpe and s bands,

the charged and lattice-neutral iron ions; eq=|e(p)—&(s)|, decreases linearly with increasing pres-
q)c(kF)zz 1)(38(2—)(_&:) . sure:
o +bgh) "™ eg(P)=84— BP=g4—Aey(P), (6)
@, o(kp)=1—Dbgn(1+by). (3) Whereg is the pressure coefficient, and, according to Refs.

i ] 5-7,B8~6*=1 meV/kbar.
The structure factoB,, which characterizes the degree  For the mixed-valence state the Fermi level is fixed at

of spatial ordering of the correlated system of Féons, was  the iron donor level, i.e.ep~e4=const; therefore, as the

defined in Ref. 3, and for randomly distributed i08$=1  pressure increases, the effective mass at the Fermi level

and®.=®gy. In the case of interimpurity Coulomb corre- me, the electron density,, and the Fermi momenturke
lations of arbitrary strength, the structure factor is calculatedyj| yvary:

in the Percus—Yevich approximatitftfor a model system of
solid phases. The use of this approximation is justified by the
fact that, as was shown by one of us, the most closely ar-
rangedd holes in a correlated system of Feions move
away from one another first due to Coulomb repulsion when ~Mg(0)=mg[1+2e¢ /4],
such a system is ordered. This guarantees a maximum free-

Me(P)=mg(0)§ 1—

Agy(P)
gqt2eg)’

3/2
energy gain and leads to the formation of correlation spheres ne(p):ne(O){ 1— Azg(P)
of radiusr. around each Fé ion, where there are nd 89t 28F
holes. As the concentration of iron impurity ions increases,
i ke(P)=Ke[ng(P)/ng(0) 1. @

the number of empty site, for redistributing thed holes
increases. The degree of spatial ordering of the correlategh the donor-impurity regime in HgSe:Fe crystals
system of F&" ions andr, increase. This allows us to ap- (Ng<NZ%.) the concentration of conduction electrons and the
proximate a correlated system offeions by a system of Fermi momentum do not vary, but the Fermi energy in-
solid spheres with a diametdr=r . .2 The degree of ordering creases and the electron effective mass decreases with in-
in such a system is characterized by the packing parametereasing pressure:

n=mwd>N. /6, which is equal to the ratio of the volume oc-

cupied by the solid spheres to the total volume of the system. ee(P)=gr+Asy(P) eg(P)
For a system of solid spheres the integral equation for the O Tyt 2eg
direct correlation function of the distribution can be solved

exactlyl® and the structure factor appearing(B) is deter- me(P)=m (0)[1_ M
mined according to Refs. 10 and 11 without the use of per- F F (eq+2ef)*

. (8
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Equations(7) and(8) enable us to determine the depen-
dence of the contributions and the mobility for the various
electron scattering mechanisms in HgFe:Se crystals in th
low-temperature region in the donor-impurity regime and for
the mixed-valence state. In the donor-impurity regime in Hg- o
Fe:Se(whenNg<Nfy or in HgSe:Ga when scattering takes & 1o
place on randomly distributed ions with a concentration
N;=n, we have

wen(P)=[Mg(0)/me(P)12ugn(0). 9 5

The electron mobility increases with increasing pressure as

w, 10* cm?V.

Pl | i n I S 1

result of the decrease in the electron effective mass at th 1 T 100

Fermi level. Ng,, 108 cm™
In the region of the mixed-valence state the concentra-
tion of FE&t ions N, (P)=N,(0)—An decreases and the FIG. 1. Dependence of the electron mobility on the concentration of iron
concentration of lattice-neutral centerdly(P) =Ng(0) m_punty ions at various pressuréy, kbar:1 — 0, 2 - 5,_ 3 — 10. The
+An. whereAn=n (P) —n (0) increases with increasing points denote experimental data taken from the review in Ref. Pfof.
[l — e e [l
pressure. Therefore, for the mixed-valence state the electron
mobility varies with increasing pressure not only because 0k compARISON OF THE THEORY WITH EXPERIMENT
the decrease in the effective mass, but also as a result of the _ _
variation of the spatial correlations of the correlated system In comparing the results of the calculation of th¢P)
of FEé* ions. For the contribution to the mobility due to curves with the experimental data in Ref. 5 it must be taken
scattering on the correlated system of Féons we obtain ~ into account that HgSe:Fe crystals, like HgSe crystals, al-
ways contain uncontrolled intrinsic defectmterstitial at-
we(P)= gn(0)[me(0)/me(P)]? oms, mercury vacancies, etavith a concentratiomN, of the
order of 1xX10*® cm 2 or more! These defects lead to an
X Pr(ke)/ Pe(ke(P), 7(P)). (10 appreciable spreacup to 25% of values for the electron
mobility at liquid-helium temperatures in HgSe:Fe samples
with the same content of iron impurity ioriBig. 1). A com-
parison of the values of the electron mobilia(0) calcu-
lated from Eqgs(10)—(12) with the experimental data in Ref.

To calculaten(P,Ngg), from Eg. (4) we must take into ac-
count the dependence bf, (P) andNg(P) on the pressure.
For the contribution of the alloy scattering we obtain

pa= mer(0)[Me(0)/me(P)12@gy(ke)[A(P)] 1 5 also shows that the scattering of electrons on the randomly
distributed intrinsic defects must be included in the treat-

<! 2INA(PY/N L (PY1® . (ke(P ment. Under the assumption that Matthiessen’s rule holds for
[No(P)/N+(P) ] +.o(ke(P)) the relaxation mechanisms of the electron momentum con-

1 1 sidered, the expression for the total mobility with consider-

+ EA(p)|\|0(p)/|\|+(|:>) . (11  ation of the scattering at the intrinsic defects can be pre-

sented in the form

Here A(P)=[ng(P)/n,(0)]?*A(0), and A (0)~0.1. Thus, w(P)=(Uue(P)+ Upay(P)+ Uug(P)) 2, (13
the dependence of the total mobility on the pressure is speci-
fied by the expression

w(P)=[Upe(P)+ Upa(P)] L -

Figures 1 and 2, respectively, present the dependence ¢
the total electron mobility and the partial contributions of the ,
alloy scattering and the scattering on®*Feons to the mo- 2
bility on the concentration of impurity iron ions for three §
pressure value® =0, 5, and 10 kbar. Tha(Ngy) curve for ©
zero pressure coincides with the dependence calculated i <
Ref. 3. It is seen from the figures that the total mobility and 5
the partial contributions increase with increasing pressure
The maximum variation of the mobility with the pressure is R e
observed at a relatively small concentration of iron impurity ! 10 100
ions, whereNy(0)/N, (0)<1. An increase in the concentra- Ne,, 10'8 cm®
tion of lattice-neutral F&" ions leads to an increase in the

- : : IG. 2. Dependence of the contributions of the scattering 6i Fans (1a,
degree of spatial correlations in the correlated system of FEa, and3a), and the scattering on the alloy potentia] 2, and3) to the

3+ : i : :
Ions an_d: accordingly, to a significant increase in the eleCajectron mobility on the concentration of the iron impurity ions at various
tron mobility. pressure, kbar:1, 1, la — 0;2, 2a — 5;3, 3a — 10.

582 Semiconductors 31 (6), June 1997 I. G. Kuleev and G. L. Shtrapenin 582



50 developed provides fairly good quantitative agreement with
L the experimental data from Ref. 5. It is noteworthy that the
451 method based on Matthiessen’s rule for taking into account
the contribution to the mobility«(P) from the scattering of

'E 40 electrons on intrinsic defectd3) can provide only a rough

T 3 estimate olNy. Actually, when the scattering of electrons on
R a5k = 2 the correlated system of #& ions and at the randomly dis-
S tributed intrinsic defects is considered, the effects of the mu-

0 M tual influence of the electron momentum relaxation processes

must be taken into account. In fact, under mixed-valence
conditions thed holes, in contrast with the intrinsic defects,
§ 8 70 12 can be redistributed among the crystal lattice sites occupied
A, kbar by iron ions. Therefore, thd holes effectively “screen” the
interaction of electrons with intrinsic defects, which leads to
FIQ. 3. Dependenge of the_ elegtron Qensity on the pressure for samples WiU\‘/eakening of the scattering of electrons by the latter. The
various concentrations of iron impurity ioMé-., 108 cm=3 1, — 2,2 — . .
4,3— 8. The points denote experimental data from Ref. 5. screening effect of thel holes depends not only on their
concentration, but also on the number of free sites, to which
thed holes can pass. As the pressure increases, the concen-
where ug(P) = men(P)N. /Ny, Ny is the concentration of tratiqn of Iattipe-neutral Fe c_enter; and, thus, the degreg of
intrinsic defects, andN+=N§;+Nd is the total concentra- SPatial ordering of the F‘é ions increase. The screening
tion of charged impurity atoms. In the region of the mixed- €ffect of thed.holes also increases. As can be seen from Fig.
4, the experimental values qi(P) for the sample with
INee=8x10'® cm™2 increases more rapidly than would fol-
low from the results of a calculation without allowance for
the influence of the mixed-valence iron impurity ions on the
scattering of electrons by the intrinsic defects. A more de-
tailed discussion of the mutual influence of the electron re-
laxation processes on the correlated system of ions and the
randomly distributed ions is beyond the scope of this study

valence statéN, ~Ng,. Thus, the concentration of intrinsic
defects in the samples can be calculated from a comparis
of the values of the mobility.(0) calculated from Eqg10),
(11), and (13) with the experimental values. We obtained
values ofNg4 equal to 1.X 10" and 0.3510'® cm™2 for
samples with concentrations of iron impurity ions equal to
8% 108 and 20< 10'® cm ™3, respectively.

Figures 3 and 4 present calculated(P) and w(P)
curves for samples with different concentrations of iron jm-2nd calls for a separate treatment. o
purity ions. The good agreement between the calculated and _Eduations(10)—(13) enable us to isolate the contribution
measured values af,(P) is evidence that the two-band to the r+no_b|I|ty caused by scattgrlng on the cor_relatg(d system
Kane model defined b{5) and(6) can be used to analyze the °f Fe'" ions from the experimentally obtainef®¥P)
influence of pressure on the electron density and kineti¢Urves:
character?stics of HgSe:Fe crystal_s. As_is seen from Fig. 4, pEPP)=[1u®AP) — Upq(P) = 1pg] L. (14)
disregarding the scattering at the intrinsic defects, the calcu-
lated values of the mobility are appreciably greater than the ~ We note that the degree of spatial order of the correlated
experimentally measured values. When the scattering at tteystem of F&" ions in our theory is described by the pack-

intrinsic defects is taken into account, the theory that weng parameterp, which appears in the expression for the
structure factot and determinesb (kg , 7). Therefore, we
first find the values ofNgs, No(P4), N (Py), ke(P4), etc.
appearing in(14) for assigned values d?; andNg.. Then
we calculatex"™(P,, ) as a function ofp, and from the

expression
uSAPy)=pd*(Py,7m) (15

we find the»(P) curves for different concentrations of iron
impurity ions, which are presented in Fig. 5. It can be seen
from the figure that the packing parameter is a function of
the pressure in the range considered wNeg=8x 10*® cm

~3, while the degree of spatial ordering of the®Feions
scarcely varies with increasing pressure wihgi=2x 10'°
cm 3. We note that the calculation of(P) was performed

P, kbar without regard for the influence of the mixed-valence iron
impurity ions on the scattering of electrons by the intrinsic

FIG. 4. Pressure dependence of the electron mobility for samples with varigefects, which led to overestimated values of the packing
ous concentrations of impurity ioMég,, 10¥cm 3 1—2,2—8,3— 20.

; ! . __parameter.
Curves2a and3a were calculated for the respective concentrations of iron . . . L
without allowance for the scattering by intrinsic defects. The points denote ~ 1NUS, at a I_arge con_centratmn of iron |mpur|ty lons
experimental data from Ref. 5. (Ng/N,>1) the increase in electron mobility with the pres-

p, 10* cm®NV-s
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pressure is caused predominantly by the decrease in the elec-
tron effective mass and the contribution of the alloy scatter-
ing. The variation of the degree of spatial ordering of the
Fe*" ions as the pressure is increased has been analyzed.
Unfortunately, the experimental material at our disposal
from investigations of the influence of hydrostatic pressure
on the kinetic characteristics of gapless semiconductors is
quite sparse. In our opinion, this is due not only to the com-
plexity of such investigations, but also to the lack of a theory
which would permit extracting information regarding the in-
fluence of pressure on the correlation properties of the sys-
030 PRSI N S N W NS S S S— tem of iron ions. It would be desirable to perform more de-
4 p’"k'bu’rﬁ tailed experimental investigations of the influence of
pressure on the properties of HgFe:Se crystals over a broad
FIG. 5. Pressure dependence of the packing paramefer samples with  range of concentrations of the iron impurity ions. In particu-
various concentrations of iron impurity iohg, cm138cm™3:1—8,2— lar, it would be of interest to investigate samples with

20. The points denote the values pfobtained from Eqgs(14) and (15). NFe>5>< 1019 cm‘3, in which aIon Scattering makes the
dominant contribution to the electron momentum relaxation.

sure is caused mainly by the decrease in the electron effedNiS would permit experimental verification of the pressure
tive mass at the Fermi level and the constArfP), which erendence of the alloy sc_atterlng contrlbu.tlon. We would
determines the contribution of the alloy scattering. When thdike to hope that our work will serve as an stimulus for such
concentration of the impurity iron ions is small esearch. _

(No/N, <1), the main contribution to the mobility is made _This work was performed with the support of the Rus-
by the scattering of electrons on the correlated system ofian Fund for Fundamental Resear@roject No. 95-02-
Fé" ions. An increase in the pressure in this case leads to a#3847 and INTAS (Grant No. 93-3657-EX]l
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Drift-induced production of concentration gratings in an electron-hole plasma in a high-
frequency electric field

V. L. Borblik

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted April 12, 1996; accepted for publication September 16,)1996
Fiz. Tekh. Poluprovodr3l, 686—691(June 199y

The role of the frequency of the alternating current used for the drift-induced production of
dynamic plasma gratings from seed electron-hole mobility ratio gratings created by an optical
interference pattern is investigated. It is shown that the phase mismatch appearing between

it and the concentration grating supported by it when the frequency of the alternating current is
increased leads to a significant increase in the proportion of the stationary component and

the component varying with the fundamental frequency of the plasma gratings produced in
comparison with the previously considered low-frequency casel1997 American

Institute of Physicg.S1063-782807)01006-3

1. Transient holograpHyis faced with the problem of field. The greater is the amplitude of the current, the more
increasing the recording efficiency of holograms in a nonlin-appreciable is the constant component of the nonequilibrium
ear recording medium. In photorefractive crystals, in particu-concentration distribution. In the limit of asymptotically
lar, this problem is solved by going over to nonstationarylarge current amplitudes, the nonequilibrium distribution be-
recording regime$? comes completely stationary.

Considerably less attention has been focused in this re- Several limiting cases were considered in Refs. 14 and
spect on dynamic free-carrier gratings. These gratings, which5. They included, in particular, gratings of arbitrary contrast
are recorded as a result of the one- or two-photon interbandt quasistationary electric field frequencies and low-contrast
absorption of light at the maxima of an interference patterngratings at arbitrary frequencies. In the former case the con-
are destroyed fairly rapidly as a result of the diffusion and/orcentration distribution containggor finite values of the cur-
recombination of the nonequilibrium carriers, and their in-rent amplitude a large set of transient harmonics of the fun-
vestigation has been directed for the most part at determiningamental frequency. In the latter case an increase in the
the kinetic parameters of the recording media and the chafrequency of the working current led to an increase in the
acteristics of the laser radiation recording the grating fromphase shift between the concentration grating with the fun-
the rate of this destruction process. damental frequency and the current and, as a consequence, to

The ways in which the recording efficiency of plasma frequency dispersion of the effect, but the higher harmonics
gratings could be increased were discussed in Refs. 7-9. Miere disregarded. In our study we evaluated the high-
those studigs®the utilization of the drift of a bipolar plasma frequency case without imposing the specified restrictions.
in a longitudinal electric field was proposed for enhancingWWe showed that a time lag in establishing a concentration
the contrast of gratings recorded in semiconductors. This efgrating leads to a significant decrease in the proportion of
fect is due to the nonuniformity of the ratio between the higher transient harmonics in it.
mobilities of the electrons and holes, which are heated dif- 2. The continuity equation which specifies the spatial
ferently by the field of the interference pattern. It is observedlistribution of the concentration of a quasineutral electron-
even for intraband optical absorption and is essentially nonhole plasma f=n>N=n-p) has the form
local. This is important for ensuring energy conversion when

2
such gratings are used for a two-wave interaction. On the 9P __ 9°P bJcoswt a( P

- —+G, 1)
Tp

other hand, the experimental studies of the influence of the dt Ix* " (1+b)? ox
heating of free charge carriers by an electric field on the i , .
self-diffraction of light in Refs. 10—-13 revealed enhancemenf’_"he,reG IS the rate Of_ generation of th? plasmg, is ",[S

of the diffraction efficiency of light-induced gratings when Ilfetlme,.J IS the'amplltude of the densﬂy of the vquable
both constant and variable longitudinal electric fields wereCUrent(in flux unity, D=2D,D,/(D,+Dy,) is the ambipo-
applied to the semiconductdrThe theory of longitudinal lardiffusivity, which is assumed to be_ con_stant here,
bipolar drift under the conditions of weak nonuniformity of ¥(X) = ¥m[1+C0s(2m/\)], and\ is the spatial period of the

b was recently extenddd’® to the case of an alternating Nterference pattern. _ o

current, and it was shown that the conversion of a weak seed e first show that outside the asymptotic limit HG)

b grating into a more highly contrasted concentration grating?@"not be solved correctly without allowance for the tran-
of the same spatial frequency also takes place in a variabRI€Nt harmonics in the distributiop(x,t). In fact, let us as-
electric field. Although drift occurs alternately in opposite SUMe that

directions under these conditions, there are always regions _
for both directions of the current. A stationary concentration P(X,t)=Po(X) + Pac(X) coR0t

grating is created in just these regions in a time-variable +prs(X)sinot + a(2w,3w, .. .), 2

y(X) + D
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where all the higher harmonics of the fundamental fre-

quency, which are described by the quantity
a(2w,3w, ...), aresmall. The function ¥ that appears in
(1) can then be represented in the form
1 _ 1
P(X,t)  Po+ P1cCOSWE+ PsSinwt
a(2w,3w, ...)

3

(Pt P1cCOSWE+ Py gSinwt)?”
Calculating the coefficients in the Fourier expansion of this
function, we obtain
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p

etc., Wherepi: pic+ pis We see from these expressions Such temporal families of solutions for the dimension-
that when the contribution of the higher harmonics toless current amplituda =20 are presented in Fig. 1 for two
p(x,t) is small (when p; is close top,), all the Fourier Vvalues of the frequency, which is measured here in terms of
coefficients of the function p(x,t) increase without bound, the ratior,/T: 1 in Fig. 1a and 19in Fig. 1b. The calcula-
precluding confinement to a finite Fourier representationtion was performed for the case of a high contrast
Therefore, direct numerical integration of Ha) was under- (I'=0.1) and a weak influence of recombination
taken here to study high-contrast plasma gratings at arbitrar\#/L?=10"?). A comparison of these two families reveals

( 1) _ 2plcpls 1 f
2s

Pi Vpa—p?’

frequencies. that there is no solution in the form of an unperturbed con-
3. In dimensionless variables centration distribution corresponding to passage of the work-
ing current through zero at the higher frequency, while such
i= X r= i 7= P a solution exists at the lower frequency.
A T Gy’ The influence of the frequency and the amplitude of the

working current on the shaping of a plasma grating is con-
veniently traced by plotting the time dependence of the peak
value of the plasma concentration. Such plots are presented

where T is the period of variation of the current, E¢L)
takes the form

\? Tp 9z _ 7z Acog277) in Fig. 2, together with the time dependence of the alternat-
L2 T 90&2 o€ (d ing current(the dashed curye The figure reveals how the

5 phase mismatch between the peak value of the concentration
i | Iy ; T ;
x| wsin(2mé) — — —| — —(z—1), (4) and the peak vz_ilue of the curren_t increases with increasing
frequency at a fixed current amplitudeurves1-3 or 4 and
5). The contrast of the grating, which is characterized by the
spread of the fluctuations of the peak value of the concentra-
tion, also drops. All of these phenomena are typical manifes-
tations of the frequency dispersion of the effect.

As the current amplitude increases, the phase mismatch
naturally decreaseggurves4 and5). However, even a small
lag of the concentration distribution behind the current leads
to a significant nonequilibrium concentration even at times
z2(—=12,7)=z(112,7), z(&—112)=z(&,1/12) (5) close to the passage of the working current through zero. As

where

IN Y r—
(Dh+Dp)G7," 2y, Gr1y’
In the ranges of values af and ¢ from —1/2 to 1/2 we

found the solution of Eq(4) which satisfies the spatial and
temporal periodicity conditions

A:
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0.25 0.50 FIG. 3. Spatial profile of the first five co-
efficients in the Fourier expansion of
p(x,t) for A=20 and 7,/T=1 (a) and

10° (b). The curves are labeled by the
numbers of the harmonics.
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a result, the constant component of the plasma grating inthe results of the preliminary analysisNe note that the
creases at high frequencies. amplitudes of the harmonid®oth p(x,t) and 1p(x,t)] ex-
Fourier analysis of the exact solutions obtained com-ibit a significant spatial dependence. In particular, the grat-
pletely confirms this conclusion and shows that the fractioring lines which oscillate with the fundamental frequency un-
of the component of the plasma grating which oscillates withdergo shifts relative to the lines of the constant component,
the fundamental frequency also increases significantly atvhich can be of additional interest for applications.
high frequenciegFig. 3), since the amplitudes of the higher 4. Thus, an increase in the frequency of the alternating
harmonics drop sharplias was presumed in the expansioncurrent used for the drift-induced production of plasma grat-
(2)]. For just this reason, the amplitudes of the first fourings leads(because of the time-lag effettto significant
Fourier components of the functionplk,t) corresponding depletion of their nonstationary components from the fre-
to the numerically determined solution are of the same ordequency spectrum. However, this cannot be utilized to obtain
here, as is demonstrated by Fig(tHis is also consistent with an approximate solution of the problem that would be a basis
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FIG. 4. Spatial profile of the first five
coefficients in the Fourier expansion of
1ip(x,t) for A=20 andr,/T=10 The
curves are labeled by the numbers of the
harmonics.
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Thermal-gradient concentration in a bipolar semiconductor with phonon drag of charge
carriers

A. M. Konin

Institute of Semiconductor Physics, 2600 Vilnius, Lithuania
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Fiz. Tekh. Poluprovodr3l, 692—694(June 199y

The influence of the “hot-phonon drag” of electron-hole pairs on the concentration distribution

of the charge carriers in a semiconductor sample with a transverse lattice-temperature

gradient is investigated theoretically. The most interesting case of maximum asymmetry of the
boundary conditions and a sample thickness that is close to the diffusion length is

considered. It is shown that the occurrence of drag leads to alteration of the dependence of the
total concentration on the coordinate from an increasing function to a decreasing function

and, on the other hand, to a dependence on the direction of the temperature gradient, as well as
to considerable quantitative redistribution of the concentration along a cross section of the
sample. ©1997 American Institute of Physids$$1063-78207)01106-X]

The transverse thermal-gradient concentration effect in ed
an intrinsic semiconductor was investigated theoretically and Kn(p)
experimentally in Ref. 1. The distribution of the nonequilib- ) ]
filum concentration of electron-hole pairs was calculated withVn€re Kn(p is the electron(hole) drag factor,un(, is the
allowance for the thermopower fields formed according toelectron(hole) m‘?b"'ty’ S is the velocity of.sound |n'the
the scheme in Ref. 2, and good agreement between the th%@mmonductore is the charge of a holeT is the lattice

. L : .. temperature, and,, 4is the frequency of collisions between
oretical and experimental results was obtained, providin P

definit t for the th tical model din Ref. 2 honons and defects.
efinite support for the eo.re 'C_a mode prqpose NREL 2. After calculating the kinetic coefficientsn the general
However, the case which ignores the influence of theC

. i o ] ase and separating, according to Ref. 2, the thermopowers
anisotropic part of the phonon distribution function on the,io two components, one of which is stipulated by the gra-
anisotropy of the electron and hole distribution functions,gient of the chemical potential, while the other is the “ex-
i.e., the “hot-phonon drag” of electron-hole paitsyas con-  tgrnal” thermodynamic force, we find

sidered in Refs. 1 and 2. This assumption is valid for wide-

gap semiconductors at relatively high temperatdrés. in=enu,
narrow-gap semiconductors at relatively low temperatures —

with weak phonon scattering on the defects, considerable hot T
drag of electron-hole pairs is perfectly realisti@his drag jp=ep,up< E- e—Vp—aSVT—
leads to a significant increase in the electron and hole ther- — P

mopowers and can, therefofsee Ref.  significantly alter ~ wheren(p) is the electrorthole) density, E is the total elec-
the spatial distribution of the electron-hole pairs in the crysAric field,

=——Q>1, (1)
ﬂn(p)TVph-d

T 0 1 1
E+ e—nVn—anVT— a/n—EKn VT ,

L1
apt Ko |VT], (2

tal. 1/F, 3 1 5 F
. . 0 n 1 n
In this study we extended the model proposed in Ref. 1 a,=—=| =— 3 , ay=— = Ont5— =,
. elT 2 e 2 T
to the case of the hot-phonon drag of electron-hole pairs and
we calculated the carrier concentration distribution in a semi- o L(Fp 3 ;1 5 F
conductor with a transverse lattice-temperature gradient. W=l T T BT T S

Below we shall consider the temperature range in whichF dF the elect d hol _Fermi level d
the condition vyn_p> Vphee holds® Here Vphph IS the fre- n andi, are the electron and hole quasi--ermi Ievels, an

quency of phonon-phonon collisions, angy,.. is the fre- g, andq, are parameters which characterize the electron and
uency of collisions between ph nor;s angechar carri rShO|e momentum relaxation mechanisns.
quency een pho 9¢€ €S- As is seen from Eqgs(2), the occurrence of the hot-

On t.he one hand,. th!s e.llloyvs us to c.:o.nsu.jer npndegeneraﬁhonon drag of electron-hole pairs leads to a considerable
semiconductors with intrinsic conductivity, in which the con- increase in the external thermodynamic force, which creates
centration effects are strongest. On the other hand, in thiﬁonequilibrium charge carriers. On the other hand, the non-
case the phonons comprise a bulk energy reservoir, sinGgniform equilibrium distribution of the electron-hole pairs
their thermal conductivity is considerably greater than thejoes not depend at all on the drag facttrs, , i.e., it re-
electronic thermal conductivity, and their mean free path isnains unchangeJd.
considerably smaller than the thickness of the |et us consider a semiconductor slab, whose surface
semiconductof. x=a is in thermal contact with a thermostat at a temperature
According to Ref. 3, hot drag occurs under the conditionT, and whose surface= —a is in contact with a thermostat
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o . . FIG. 2. Distribution of the concentration of electron-hole pairs across the
FIG. 1. Distribution of the concentration of electron-hole pairs across thgyi i ness of an InSb sample foAT=—10 K, To=100 K, S =0
thickness of an InSb sample fAT=10 K, To=100K,S_=0,S,—=,and g _ " .14 various values d: 1 — 0. 2 — 100’3 o 400 T
various values oK: 1 — 0, 2 — 100, 3 — 400. A ' ' ' '

at a temperatu_ré', . We assume that the thickness of the _ B [AL€ 1+ Aye 26+ et + e, (8)
sample is considerably greater than the electtaie) cool- 1-a(2¢ta)
ing distancé. The temperatures of all the quasiparticles will
then coincid® and wherer ;= — ¢+ JoZ+1, andro=—¢p—p“+1.
The constant#\; and A, are found from the boundary
AT X conditions
TX)=Tot - =, 4
2 a
1. .
whereTo=%T,.+T_), AT=T,—T_, and 2ais the thick- Ejn|x:ia: +S.:AN|yo2a, 9

ness of the sample.
Performing an iterative procedure for an intrinsic semi-whereS.. denotes the surface recombination rate on the sur-
conductor according to the scheme proposed in Ref. 2 anfhicesx=*a of the sample.
taking into account the conditiSrjﬁJrj’,;:O, we obtain For the most interesting case of maximum asymmetry of
the boundary conditionsS_ =0 andS, —=) A; and A,

eDNy| dv -
jf]:TNod_ngz@VJrﬂ_eag , 5) have the form
A arg expla—ry)ut+expr,—au
where 1 rpexpri—ro)u—r, expro—rou’
X _a B E,AT
§=5, U=y, a= qutl A= ar, expla—ru+expr;—a)u . 10
ryexp(ri—ro)u—ro expiro—rqi)u
AT
¢=(Qnt+dptK+2) 57—, The results of a calculation of the distribution of the
8uT, : L .
concentration of electron-hole pairs in InSbh samples of thick-
—_ An 3 AT ness A based on Eg98) and(10) are presented in Figs. 1
v=—, K=K,+K,, B=2¢0+a+ - —, and 2.
No P 4 uT,

As can be seen from Fig. 1, in the absence of dcagve

D = 2unup/ un + up To/eisthe ambipolar diffusivityAnis 1) carriers are not removed from the cold surface —\

the concentration of nonequilibrium electron-hole pairss  with a low surface recombination rate under the action of the
the diffusion lengthy is the lifetime of an electron-hole pair, phonon heat flux or, stated differently, the external thermo-
andNj is the equilibrium carrier concentrationa=0. The  dynamic force. In this case the total concentration on the
dependence of the equilibrium concentration on the coordieold surface increases, and its dependence @mains, like

nate is described by the expression that of the equilibrium concentration, a monotonically in-
No( &) =Noes. ©6) f:reasing function. We note that, as follows fr¢@) and(lo).,
in sufficiently thin samples (<\) the total concentration
After solving the diffusion equatidn scarcely depends on the coordinate in the absence of drag
- and is equal to the equilibrium concentration of electron-hole
1 %_ ﬂ - (7) pairs on the surface with a high surface recombination rate.
edx 7 ' When drag occurgFig. 1, curve2 and3), the transport
no(€) +An of electron-hole pairs to the cold surface increases under the
for the total concentratiom= N—o’ we obtain action of the considerable external thermodynamic force, and
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the dependence of the total concentration on the coordinate Thus, the phonon drag of electron-hole pairs leads to
X becomes a monotonically decreasing function. The electriconsiderable alteration of the distribution of the carrier con-
cal conductivity of the sample also increases significantly: bycentration under the action of the lattice-temperature gradi-
a factor of 1.9 in comparison to the equilibrium value whenent.

K =100 and by a factor of 4.55 whet=400.

F_or the same reasons, when the sign of _the temperaturgeA M. Konin and A. P, Sashuk, Fiz. Tekh. Poluprovodin press
gradient is reversecﬂFlg_. 2, e.leCtron-hme pairs are _trans- 2Yu. G. Gurevich and O. L. l\/I’ashI‘<evich.., Fiz.pTekh. Pcr))luprévoﬂn,.
ported to the surface with a high surface recombination rate, 1357 (1999 [Sov. Phys. Semicon@4, 835 (1990].
where they effectively recombine. Consequently, the concen?F. G. Bass, V. S. Bochkov, and Yu. G. Gurevilectrons and Phonons
tration of electron-hole pairs decreases both in the bulk anqr 8rg§;sics S\f”éicggiﬁig)vf[f’ign%ujjiag- gil:'éac hMOSZO‘Q(;ES“PF;Olu ovodn
on the_ “hot” surfacexlz —\. An increase in drag leads to 7"3&1973 Y[S(.)v.l Phys. Se'micona,'l('1973]. e ' P '
alteration of the functional dependencerdfx) from a de- sy s Bochkov and Yu. G. Gurevich, Fiz. Tekh. Poluprovodd, 728
creasing functiorfcurve 1) to an increasing functiofcurves (1983 [Sov. Phys. Semicond.7, 456 (1983].

2 and3) and to a considerable decrease in the electrical con A M. Konin, V. G. Rudatis, and A. P. Sashuk, Litov Fiz. SB0, 285
ductivity of the sample, by a factor of 1.7, wh&r= 100 and (1990.

by a factor of 4, wherK=400. Translated by P. Shelnitz
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Light-emitting diodes based on a metal-insulator-semiconductor structure
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(Submitted March 20, 1996; accepted for publication October 14,)1996
Fiz. Tekh. Poluprovodr31, 695—-696(June 199Y

[S1063-78267)01206-4

A situation in which the rate of information transmission Gallium arsenide was selected as the material for the
is limited by the speed of the electron fluxes appearing in theproposed purposes, because the electrons in it have a very
elements of the information transmission system has nowmall effective mass. Therefore, the refractive index of
arisen. Information now must be transmitted in some othen-type GaAs differs byAn=0.02 from the refractive index
ways, primarily by means of light. The replacement of theof the lattice due to the free carriers when the electron den-
electron fluxes by light fluxes raises the prospect of increassity N=10' cm™3. Such a difference in the refractive index
ing the speed by many orders of magnitude, but it is accomis sufficient for forming light-guiding layerévaveguidesin
panied by some fundamental difficulties. These difficultiessemiconductor structures. InSb, which has an even smaller
stem from the fact that in electron fluxes the informationfree-carrier effective mass, is an even more preferable mate-
carriers are charged patrticles, which can be regulated fairlyial.
simply by electric and magnetic fields. In light fluxes the The time for variation of the refractive index under the
information carriers are neutral particles, viz., photonsaction of an electric field that leads to variation of the con-
which are difficult to regulate. These fluxes can be regulatedentration of free electrons is determined by the Maxwellian
by varying the refractive index or, more precisely, either itsrelaxation time (10**—10 !¢ s), which is considerably
real or imaginary component. smaller than the time for variation of the refractive index of

Variation of the imaginary component of the refractive the crystal lattice under the electro-optic effect.
index leads to damping of the light flux. Inhomogeneous  The basis of the use of an MIS structure as a waveguide
semiconductor structures, most oft@r-n structures, are
used to regulate the damping. A light flux propagates parallel
to the electrodes. The application of a voltage to such a
structure alters the relationship between ithegion, where

there are no carriers, and the dopedandp-regions, where -7 ’,/’"
additional light scattering occurs on the free carriers. Thus e
the light damping is regulated by applying a voltagee 7 L

Ref. 1).

Regulation of the real part of the refractive index is most
often achieved by the electro-optic effect. However, the use
of optoelectronic devices based on this effect has its owr
shortcomings. First, fairly strong electric fields are needed tc
vary the refractive index, and, second, the electro-optic effec
is based on the influence of an electric field on a crystal
lattice (a fairly sluggish processwhich restricts the rate of
modulation of a light beam.

The present report focuses attention on the possibility o
using the free electrons present in a solid to vary the refrac
tive index. A material based on GaAs, which is widely em-
ployed in micro- and optoelectronics, can serve as such .
solid. For GaAs structures it is significant that GaAs can be
doped by ions to a high concentration, which, in turn, pro-
duce a high concentration of free carriers. Therefore, the re
fractive index in such a medium depends not only on the
refractive index of the crystal lattice proper, but also on the
free carriersthe plasma effegtaccording to the relation

12 . . o

n=n} 2= (alw,), () ST, Dependence of e normalied fecive reacive ndex b of 2

Wherenp is the refractive index of the crystal lattic®,is the guency V for various mode indices and various values of the dimension-

- _ 12 _less voltagex: solid curves —x=8, dashed curves =3, dotted curves
frequency of the “ghtwp_(NeZ/SPm) is the plasma fre — x=0. The mode index increases along the senesl, 2, 3 for each

quency, ep=Npeo is thg dieleCtr!C constant of the crystal tamily of curves with the same value af asV increases and b remains
lattice, andm is the carrier effective mass. constant.

12.5 15 17.5V
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is the possibility of creating a depleted layer in such a struc-  v/\/1—p/1+x=m(m—1)+arctafi\b/(1—b)]
ture. Such a structure then consists of three laykght

propagates parallel to the junctiowith the refractive indi- +arctarfy(b+a)/(1-b)]. 3
cesn, (for the insulatoy, n, (for the depleted laygr and
n; (for the highly dopech-region. Here the frequency =K, LpVee/kT, wheree is the metal-

We note that gp—i—n structure served as the guiding semiconductor contact potential difference; the effective re-
structure in Ref. 2. In our opinion, the use of such a structurdractive index isb=[(8/K,)?—n3]/(n3—n3), where g is
is ineffective because of the appreciable value of the hol¢he dimensional value of the propagation constintis the
effective mass. For this reason, the value Xofi on the absolute value of the wave vectar=(n3—n?)/(n5—n3);
boundary with thep-region will be considerably smaller, and x=U/¢, where U is the applied voltagem=1,2,3,....
this will lead to considerable degradation of the guidedwhen x=0, relation (3), as it should, transforms into the
propagation of light. standard expression presented in Ref. 4, but is distinguished
A calculation of the widthL of the depletedwaveguid¢  from it by the factory1+x on the left-hand side. Setting
layer as a function of the voltage applied to the MIS structurdo=0 andm=1 in the dispersion dependence, we determine
does not present any difficulfyThe relationship between the the cutoff frequency for the fundamental mode
voltageu applied to the structure in units &T/e andL is

defined by the expression _ arctan/a
V= —— 4
V1+X
Ld L2

u (2) Since, in accordance with the calculation presented in Ref. 4,
b versusV characteristics depend weakly anwe adopted
the valuea=1 in the numerical calculations. The results of
the calculations for the first three modes at different values of

X are presented in Fig. 1.

:——‘,——2,
2L8 L3

where d is the width of the insulator layer, and

Lp=(nyeokT/e?N)? is the Debye length. We note that

light will propagate along a waveguide onlylifexceeds the

optical wavelength. 1. M. Vikulin and V. I. Stafeev,Physics of Semiconductor DevicEa
From the standpoint of integrated optics, an MIS struc- Russian, Radio i Svyaz', Moscow1999.

ture is an ordinary planar three-layer waveguide. Therefore, %gtécf}gfg(‘ig'ge& European Patent Application No. 04011925, Cl.

standard expressions can be used to obtain the fundamentaf . guzaneva. V. 1. Strikha, and G. E. Gka, Ukr. Fiz. Zh.28, 575

characteristic of such a waveguide, viz., the dependence of(1983.

the wave propagation rate on the frequency,derL. This “Integrated OpticsT. Tamir (ed), Springer-Verlag, Berlif1975 [Russ.

characteristic can be written in dimensionless variables in "2 Moscow1978].

accordance with Ref. 4 for TE modes in the form Translated by P. Shelnitz
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Recombination model of the diffusion of zinc in GaAs
N. N. Grigor'ev and T. A. Kudykina
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The isothermal diffusion of Zn in GaAs is described within the Longini reaction and a proposed
recombination model: during diffusion a highly mobile zinc interstitial recombines with a
gallium vacancy and becomes a relatively immobile site defect. The concentration profile of the
total zinc concentration is determined at large times mainly by the concentration profile of

the vacancies. All the known diffusion profiles have been obtained for a constant diffusivity
without fitting parameters. A new method for measuring the diffusivities of interstitial

zinc, zinc in gallium lattice sites, and zinc in vacancies is proposed. The values of these
coefficients are determined from existing experimental data. It is shown that the apparent
dependence of the diffusivity of zinc on its background concentration previously calculated

in several studies is due to its recombination with gallium vacancies19@7 American Institute

of Physics[S1063-782@07)01306-9

1. INTRODUCTION profile was obtained for the diffusion of Zn in both semi-
insulating GaAs and " -GaAs after rapid thermal annealing
The investigation of the mechanisms of the diffusion ofat a temperature above 850 *&.
Zn in GaAs has been the subject of a large number of studies The four types of diffusion profiles just described are
during the past three decades? The problem is still of  characteristic of diffusion within a plate. The diffusion of Zn
great interest because of the use of Zn in the production ofom a source located within GaAs is considerably slower.
p—n junctions and the fabrication of high-quality, high- This suggests that different mass-transport processes charac-
speed electrical and optical structures that have good noigerized by different diffusivities take place in these two
characteristics. Anomalous concentration profiles were diseases.
covered back in the first studies of the diffusion of Zn in A surprising result was observed by researchers measur-
GaAs. The following forms of these profiles are observedjng the diffusivity of Zn: this coefficient increased sharply as
depending on the conditions under which diffusion takesthe background Zn concentration increa&éd*'?the effect
place. being stronger, if the diffusion of Zn takes place in an atmo-
1. At Zn concentrationd\l,,, less than a certain limiting sphere without an excess of As, i.e., in the presence of a
value (for example, 18 cm 2 at temperatures below small concentration of gallium vacanciéBig. 2, curvesc
1000 °Q the concentration distribution closely conforms to andd). An excess of Aga large concentration of vacancies
the ordinary profile for diffusion from a constant source de-leads to the absence of a dependence of the diffusivity of Zn
scribed by the complementary error  function on its concentration up to Zn concentrations5x 10'®
erfc(x)=1—®(x/2\/Dt). Hered(x) is the probability inte- cm ™3, above which a slower increaselinis observedFig.
gral, x is the coordinate, th& axis is perpendicular to the 2, curvesa andb).
surface of the samplé, is the diffusion time, and is the There are two basic models of the diffusion of Zn in
diffusivity. A profile described by a complementary error GaAs. According to the first model, which was first proposed
function is also obtained for the diffusion of the radioactiveby Longinf* in 1962 and further developed by numerous
isotope ®Zn in heavily zinc-doped GaAs N,>10%°  researchers®®*3*some of the zinc atoms migrate among va-
cm*3) (Fig. 1a,” as well as for short diffusion times. cancies, while others migrate among interstitial sites. When
2. A profile in the form of a step. A profile of this type is Zinc occupies a Ga vacancy, it exists in the Zstate, acts as
observed for the diffusion of Zn in botm-GaAs and an acceptor, and has a very small diffusivity. In interstitial
p-GaAs (Fig. 1b when the annealing time is sufficiently sites it exists in the Zh state, acts as a donor, and has a
long and the Zn concentration is highOutwardly, these considerably higher diffusivity. These researchers postulated
profiles appear as if there were an obstacle to diffusion. ~ that there is a continuous exchange of particles between
3. A rapidly descending high-concentration portion, fol- these flows and that flow via interstitial sites plays the main
lowed by a convex-upward front and a small step, is showrole in diffusion:
in Fig. 1c. A profile of this type was obtained in Ref. 8, + -
where, before the diffusion of Zn in GaAs, the samples were 2y +Voa—2ng +2h. @
preliminarily annealed at a temperature higher than the tem- The Ga vacanciesM,) are assumed to be either neutral
perature for the subsequent diffusion of Zn and at an elevateor singly ionized, depending on the position of the Fermi
AsHj, pressure. level*
4. A profile consisting of two convex-upward portions In Ref. 4 Longini suggested that the stepped character of
with a kink between them is shown in Fig. 1d. This type ofthe concentration profile of Zn in GaAs is determined by the
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the authors of this model to satisfactorily describe the first
three types of concentration profiles observed.

An alternative diffusion moddithe kick-out modelpre-
sumes that interstitial Gd §,) has a significant influence on
the transport of Zn in GaA®:Y’ The basic reaction in this
mechanism is

Zn' > Zng + 1ot 2h. 2

This model has been considered in many publicatizes,
for example, the review in Ref. 18Profiles of types 2 and 3
are described on the basis of this model, and profiles of type

4 are attributed to the presence of voids, dislocations, and
Inz
other extended defects.
FIG. 1. Concentration profiles of Zn in Ga2s— type 1(Ref. 5, b — type An analysis of the experimental results, however, con-
2 (Ref. 5, ¢ — type 3(Ref. 9, d — type 4(Ref. 10. tradicts the kick-out model:

— an investigation of the defects by photoluminescence
method$*® showed that the decisive role in the diffusion of

presence of the field of a—n junction, which blocks the Zn in GaAs is played by gallium vacancies, but no interstitial

diffusion of Zn. However, the electromigration experimentSGa was discovered,

in Ref. 5 showed that at high temperatures Zn migrates in thgll ;;2%22‘;?'?;"\?; fr:gﬁetiseejif?ljslggcci‘ ﬁ;orgfiui;e ;ig
form of positively charged ions and that the field opan y y P '

junction can only promote diffusion. In addition, it was also the self-diffusivity of an atom is several orders of magnitude

shown there that a stepped profile is characteristic of theSmalller than the diffusivity of an impurity atom, because an

diffusion of Zn not only inn-GaAs, but also inp-GaAs, ntrinsic atom Is found in a deeper poten_tlal well .
. . — the main argument behind the kick-out model, i.e.,
where nop—n junction appears.

X e . . _the fact that Zn causes disordering in GaAs/AlGaAs super-
The attempts to describe the diffusion profiles of Zn in_ " . L ]
. . . . ._lattices, actually does not contradict the Longini model:
GaAs performed in several studies required the introduction : : .
" .. . . hen Zn diffuses in a GaAs/AlGaAs superlattice, Al, rather
of additional conditions. For example, to describe a profile o )
than Ga, is transported to the surface.

type 4 it was theorized in Ref. 15 that the diffusivity in- The displacement of Ga from a site requires an ener
creases according to a quadratic law as the concentratiQ P q gy

increases. The existence of different charge states of the Vgﬂat Is considerably greater than the energy needed to dis-

cancies and Zn atoms was proposed in Ref. 14 place aluminum or zinc. This is also evidenced by the ex-

The introduction of several fitting parameters aIIowedpe”memS in Ref. 8, whe_re It was shown that the deposition
of a GaAs layer on heavily zinc-dopgdGaAg Zn) leads to

the displacement of zinc onto the surface.
All of this supports the Longini model.
In this study we show that the diffusion of Zn in GaAs
/d can be described on the basis of reactighand our pro-
- / posed recombination model: in the diffusion process a mo-
bile zinc interstitial Zn recombines with a gallium vacancy,
-9 d generating a relatively immobile site atomZrThe lifetime
[/ K // of the zinc interstitial can be found experimentally and used
fA ;8 to find the diffusivity of Zn: when the concentration of gal-
4 lium vacancies is high N\,Ga> Nz,), the zinc concentration
profile is determined not by the diffusion rate of the zinc
interstitial Zn, but by the probability of its recombination
and the diffusion rate of Zn In this case the profile of the
diffusing zinc mimics the profile of the vacancies. The life-
c / time of Zn was estimated, and its diffusion parameters were
- A/ a determined. They are in good agreement with the results in
d)jI Refs. 1and 9. The diffusiv?ty o_f Z;depends on the concen-
10 . | . N f[ratlon of vacancies. The dn‘fusmty of the vacancies in GaAs
79 27 is much smaller than the diffusivity of the zinc atoms. The
apparent dependence of the diffusivity of zinc on its back-
ground concentration is, in fact, related to the recombination
FIG. 2. Dependence of the “effective diffusivity” of zinc on its background proces_s. All four ty_pes of dlffu5|o_n proflles of the Zn. c_on-
concentration according to the data from different studied a- Ref. 6, ~ Centration are obtained when a single constant diffusivity of
¢ — Ref. 22 d — Ref. 23. Zn; is introduced.

2
2z, ,em®/s

-3
Ny, cm
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2. SIMULATION OF THE DIFFUSION PROCESS

The available experimental data show that a zinc inter-
stitial is highly mobile and has a considerable probability to
recombine with Ga vacancies and to thereby form a rela-
tively immobile Zry ion. In the absence of other impurities
the concentration profile describing the distribution of Zn in
GaAs is determined by a system of mass-transport equations:
for interstitial zinc

Nz, #*Nzp,

gt Dzn v BNza Ny ; )

with the boundary conditions
) Nz (x,t=0)=0,

A

i) Nzg(x=01)=No;
for zinc in gallium sites
INzn_ *Nzn_

ot~ Dz, T BNz Ny ; 4

with the boundary conditions
) Nzo(x,t=0)=0, i) Nzn(Xx=0)=Ng;

for gallium vacancies

aNVGa azNVGa .
gt DV g BNzaNvg; 5 i
10 | ] Lo |
with the boundary conditions 1077 7 5

|) NVGa(X!tZO)zvll ||) NVGa(Xzo!t)=VO'

FIG. 3. Concentration profiled:— the classical complementary error func-
tion erfc(x/2\/Dz,1); 2, 3 — profiles described by Eq7) for Nz, and(10)
for Ny ; the diffusion timet/r equal 0.1(a) and 3.0(b), respectively.

Here V, is the concentration of vacancies existing in the
crystal before the diffusion of zin&/q is the concentration of
the vacancies, anNy andNg, are the concentrations of Zn
i and Zn, introduced from the surface during diffusion. The
coefficientB is proportional to the probability of the recom- . )
bination of a zinc interstitial with a gallium vacancy. the diffusion processily =V, =consti,t). In this case the

Since Dz, > D7y, an approximate solution of Ed4) solution of Eqg.(3) can be obtained analytically:

can be written in the form Nzp, =No exp(— BVit)[1—P(x/2\/Dz1)]. )
t . . . .
NZnS(x,t);BfO NZni(X!tl)NVGa(Xatl)dtL (6) The concentration of site zinc will then be
NZns(th)ENOJs(th)y (8)

which is determined completely by the solution of E(®.
and (5). In general, such a problem can be solved numeriWhere

cally. . _ , Jo=1—exp —t/7)®(al\t) —0.5{exp — 2a/ /7))
Let us analyze the analytic solution for several important
particular cases. X[1—®(al\t—\t)]+exp +2a/ 7))
X[1—d(a/Vt+ D)1} 9

3. DIFFUSION OF ZINC UNDER THE CONDITIONS OF A Herea=x/2,/D5,, and r;=1/8V,. The total concentration
UNIFORM CONCENTRATION OF VACANCIES IN |

THE SAMPLE (Nzy<Ny,_, Ny_=CONST) of Zn atoms is

This case can be realized either by the technology for N3 (X,1)=No exp( = SV1t)[ 1= P (x/2\{Dzy)]
preparing the original GaAs crystal or by a preliminary treat- +NoJg(x,1). (10)
ment, during which a high concentration @t is created,; s
the subsequent isothermal diffusion of Zn is carried out at  Figure 3 presents concentration profiles described by the
lower temperatures. Under these conditions no significarglassical function erfo(/2,/Dz,t) (curve 1), the function
variation of the concentration of the vacancies occurs duringcurve 7 for interstitial zinc(curve 2), and the functior{10)
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for the total zinc concentratiofcurve 3) for two values of Dy=2.05-1.91 cnf/s, E,=2.28+0.11 eV [D
the diffusion timet/7,: a — 0.1, b — 3. It isseen that at =Dy exp(—Ex/kT)]. According to our data,
small values of the time the influence of recombination isDy=4.06x 10" cn/s andE,=1.37 eV.

small, and all three curves almost coincide. Wigit<1, On the other hand, the results presented in Ref. 6 make it
we can write in an approximatiods~t/7;, and the time possible to estimate the diffusivity of zinc found in gallium
factor for Ny is sites. In fact, under the conditions of Ref. 6 the concentration
) of vacancies in the crystal was highaccording to our esti-
e()=1—(BV1it)". 11 mates,Ny__~10" cm™®), and the authors noted constancy

This time factor leads to a faster descent on the profile as th@f the diffusivity up to background zinc concentrations be-
diffusion time increases. Wheitz,>1, the most of the zinc 10w 5x10'® cm™2. The diffusion was carried out at 850 °C,
atoms are in gallium sites, and the profileNs§ drops more andD=10"** cn?/s. According to the estimates in our work
rapidly than the classical profile. This is in good agreemen@nd Ref. 9Dz, (850 °0=3.0x10"° cn¥’s, i.e., it is more
with the experiment, for example, in Ref. 5: at small timesthan two orders of magnitude greater. This result is attributed
the profile almost coincides with erfc( and then becomes to the fact that under conditions for whidi,,< Ny, the
highly precipitous and stepped. Such a description showkfetime of the interstitial zinc is small, it recombines near the
that the shape of the profile is determined by the recombinasurface, and displacement of the concentration profile with
tion of zinc interstitials. In this case the diffusivity does not time occurs as a result of the slow diffusion of site zinc.
vary. Our treatment shows that finding the diffusivity from Therefore, it can be assumed that under the conditions of
the depthL* of the diffusing carriers is incorrect when a Ref. 6D, (850 °O=10" 1 cnf/s, and that it decreases with
recombination process takes place: the valug bfcan be  gecreasing concentration of vacancies. This accounts for the
considerably smaller than the diffusion lendth= \/Dz,t. D, (N,) curves obtained in Ref. 6.

This led to the erroneous conclusion that the diffusivity of

zinc depends on the concentration of this element preliminar-

ily introduced in the crystal. The higher is the concentration

of the preliminarily introduced zinc, the smaller is the num- 4 STATIONARY DISTRIBUTION OF VACANCIES

ber of free vacancies, the weaker is the recombination of zinc  Thjs case was realized in the experiments in Ref. 8. Be-

interstitials, and the greater is the valueldf. The classical  tgre the diffusion of Zn in GaAs at 500 °C, the samples were
complementary error function erfc becomes the main preliminarily annealed at a higher temperature equal to
function in the distribution of zinc. This explains the resultsggg °c for 10 min under the conditions of an elevated
in Ref. 6: in an atmosphere of excess As, in which a largeizsH, pressure. Since the diffusivity depends exponentially
number of vacancies are introduced into the crystal, no inpn the temperature, the diffusion of Zn was not accompanied
crease in the "diffusivity” occurs up to a concentration of py any significant change in the profile of the vacancies.

8 -3 i i i . . .
75X101 cm *, and then an increase which is slower thangrom Eq. (5) we obtain the vacancy concentration profile
in the case of diffusion with a small concentration of vacan-yhich was created by a preliminary anneal for a time of

cies is observedFig. 2). t=t,,

If the zinc doping level of the crystal is higtusually
greater than 139 cm™3), then there are very few free vacan- Ny (X,ta) =Vi+ (Vo= V)[1-D(X/2VDyta)]. (13
cies, and the profile of the distribution of the radioactive Zn
introduced has the classical form of erty( as was observed
in the experiment in Ref. 7.

In the case considered the quantity

The solution of the mass-transport equati@n for Zn;
and of (6) for Zn; and the determination of the total zinc
concentration

Ns(X,t) =Nz, (X,t) + Nz, (X,t 14
1BV, W s(X,) =Nzq (X,) +Nzo (X,1) (14)
for the stationary distribution of the vacanci€k3) shows

plays the role of the lifetime of the zinc interstitials, iZn  yh4t in this case the zinc concentration profile is determined
before they recombine with a gallium vacancy and go over g,y he recombination of zinc interstitials with gallium vacan-

the Zn, state. A sharp drop occurs on the concentration Progjes The calculation shows that the profile of the diffusing
file at times of the order of; . This parameter can be esti- inc mimics the profile oNy at sufficiently large diffusion
mated approximately from the experimental data in Ref. Syines Figure 4 presents the calculation of the vacancy con-

and the diffusion length of Zn L=/Dz, 7 can be esti-  cengration profile on the basis of the parameters estimated
mated from the length of the concentration profile. For exrom the data in Ref. 8. The circles represent experimental
ample, for a diffusion temperature of 950 °C the diffusion points on the profile measured in Ref. 8. The calculation
length is L~200 um, and 7,~12 h; for Ty=1150 °C  corresponds to the value of the diffusivity of the vacancies
L~180 um, and 7;=1.5 h. Estimation of the diffusivity D,,(800 °C)=7.5x10 ¢ cn/s. We note that the diffusivity
Dz, from these data leads to the following results:of the vacancies is six orders of magnitude smaller than
D24, (950 °0=9.25x10"° cn/s, Dz,,(1150°Q  Dgz,. The reverse relationship, i.@z, <Dy, was presumed
=6.0x10 8 cn/s. in many studies. Figure 4 also presents the plothlofthat
These values of the diffusivity lie within the spread of we calculated for several successive moments in time. It is
the diffusion parameters obtained in Refs. 1 and 9seen that the zinc atoms gradually fill the vacancy profile.
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The results in Ref. 5 were used to estimate the lifetime
of Zn, and to determine its diffusion parameters:
Do=4.06x10"2 cnf/s, E,=1.37 eV. These parameters lie
within the measurement errors in Refs. 1 and 9. The diffu-
sivity of Zng depends on the concentration of vacancies and
when Ny_=10" cm™3, Dz, (850 °Q=10""* cnf/s. The
diffusivity of the vacancies in GaAs is smalD,(800 °Q

10 " 2 =10"*° cn/s. It was previously assumed that,>Dzy, .
e b~y It has been shown that the apparent dependence of the
0 002 004 006 008 diffusivity of zinc on its background concentration is, in fact,
z, pm related to the recombination process. The introduction of

only one constant diffusivity is sufficient for describing all

FIG. 4. Calculated profiles ofly, (1) and Ny (2, 3) based on parameters four types of diffusional concentration profiles of Zn.
calculated from the data in Ref. 8. Points — experimental data. Ci@ves

and3 correspond to different diffusion times;= 10t,.

We note that the case just considered corresponds to a
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. 6
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the diffusing zinc mimics the profile of the vacancies. Translated by P. Shelnitz
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The kinetics of the redistribution of an impurity between fragments of the quasiperiodic boron
distribution appearing in heavily boron-doped silicon as a result of irradiation by boron

ions followed by annealing are analyzed. It is established that the migration of boron accompanied
by capture of the impurity in zones with fixed positions in space takes place with a

conserved integral quantity of boron in the silicon regions containing quasiperiodic structures
during anneals at 900—1075 °C. It is shown that the stage of the formation of the

quasiperiodic distribution of the impurity in the range of times 10—240 min at 900 °C is similar

to the stage of the coalescence of a supersaturated interstitial solid solutictR9®©

American Institute of Physic§S1063-78207)01406-3

INTRODUCTION method which is completely analogous to the method em-
gloyed in Ref. 1 served as the original specimens. Boron was

: i ., o = .+ Introduced by diffusion into a plate of KE7.5 silicon with
of heavily boron-doped silicon at 900 °C following irradia the (100) orientation at 1150 °C so that a region of uniform

; R+ i ; ;
tlorlzby B lons W'th an energy of 180. key n a 10 doping with a boron concentration of the order ok 20°°
cm™ © dose results in the formation a quasiperiodic structure

. . . : . cm 3 would be created down to a depth of several microns.
consisting of five maxima on the concentration profiles of

. . 0 + - B
both boron isotopes in the region subjected to ion implantaThen the implantation of*B" ions with an energy of 180

T - 6 - . _
tion. The formation of the quasiperiodic structure can be di—kev in a 10° cn* dose was carried out using an HVEE-400

) . . e system. The irradiated plates were annealed at 900 °C for 1 h
vided hypothetically into two stages. In the rapid first stage I . -

: to form an oscillating boron depth profile, and the original
zones for the accumulation of boron appear. These zones are

! : : §amples were cut from the plates thus prepared.
apparently associated with the spontaneous formation o Control measurements of a set of original samples
boron-containing clusters. In the second stage there is a com; 9 P

paratively slow process involving the accumulation of boronshowed that in the ion-irradiated region the concentration

in spatially isolated zones as a result of the passage of t eroflles of the two boron isotopes are quasiperiodic struc-

mobile component of the impurity into the clusters. ures consisting of five maximiig. 19, as was observed in

The purpose of the present work is to analyze the kinetRef. 1. It was also established that the spatial distributions of

ics of the redistribution of the impurity between fragments ofthe boron isotopes obtained on different samples scarcely

the structure in the slow second stage of final shaping of thg'ﬁer’ exhibiting disparities only in fine details, even for

: ; o . : Samples cut from different plates.
profile of the nonuniform distribution of the impurity and to - :
: i " o A, The original samples produced by the method described
investigate the stability of the oscillating boron d|str|but|onsabove were annealed at 950. 1000 1075. 1150 and 1200 °C
with respect to heat treatment. ' ' ' '

for 30 min.

It was established in Ref. 1 that the annealing of sample

EXPERIMENT

, . I EXPERIMENTAL RESULTS
The depth profile of the impurity in the samples was

investigated by secondary-ion mass spectrometry using a The investigations of the thermal stability of the quasi-
Cameca-Riber MIQ-256 spectrometer. As part of the meaperiodic structures shown in Fig. 1a revealed that the spatial
surements, the yield 6fSi*, which was used to monitor the positions of the maxima are conserved during heating in the
constancy of the etch rate, was recorded along with théemperature range 950-1075 °C. As the annealing tempera-
198+ and 'B* secondary ions. The primary beam of O ture is raisedFig. 1b), the concentration profiles of tHéB
ions had an energy of 13 keV. To eliminate the contributionand !B isotopes, which initially differed from one another,
of the secondary boron ions emerging from the crater wallshave a tendency to coincide. The conditions for irradiation
the signal being analyzed was recorded from a central regioby the 9B isotope(the energyE and the dosd®) were se-
which amounts to 10% of the area scanned by the primariected in such a way that the integral amounts of the two
ion beam. boron isotopes in the ion-irradiated region would be approxi-
In the experiments devised to investigate the thermal stanately the same (1.8610'%cm 2 for B and
bility of the quasiperiodic structures appearing on the bororl.85x 10'%m™?2 for 1B). The thickness of this region, which
concentration profiles, samples prepared according to & equal to about 900 nm, was determined in a control ex-
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FIG. 2. Variation of the total concentratiohB of the B isotopes at the
maxima of the impurity distribution as a function of the annealing time at
E=900 °C. The numbers of the curves correspond to the numbers of the
maxima in Fig. la.

periment involving the irradiation of plates of lkE7.5 sili-
con. The concentration of the implanted impurity of approxi-
mately 10® cm ™3 at that depth corresponds to the sensitivity
threshold of the method with respect to tHB isotope.

The tendency for the profiles to coincide is evidence that
migration of the boron atoms takes place during the anneal-
ing, resulting in spatial mixing of the isotopes and their cap-
ture in the regions in which the maxima in the boron distri-
bution are located. The impurity-capture centers remain
effective at least up to 1075 °C. In the region to a depth of

900 nm the integral number of boron atoms is not altered to
1021 = within 10% as a result of the annealing at temperatures up to
1075 °C.

When the annealing temperature is raised to 1150 °C
(Fig. 19, the amplitudes of the four outer maxima decrease
sharply, while the amplitudes of the central maxima for the
two isotopes decrease slightly. Annealing at 1200 °C results
in complete disappearance of the quasiperiodic structure.
These processes are accompanied by a decrease in the inte-
gral quantity of the impurity in the region where the bulk of
the implanted impurity was previously concentrated.

Figures 2 and 3 present the results of the treatment of the
experimental data obtained in Ref. 1, which characterize the

19 spatial redistribution of the boron atoms as a function of the
0 4 annealing time at 900 °C. Figure 2 shows the process of the
z, pom accumulation of boron atoms at the maxima of the oscillating
distribution. The increment of the total concentration of both
FIG. 1. Concentration profiles of boron isotopds— %8, 2 — 'B) in isotopesAB in all five maxima as a function of time is sat-

silicon with an initial B concentration of 2 107° cm™2 following the im- . . . .
plantation of'%B ions (E=180 keV,D =10 cm™2) and annealing at vari- isfactorily described by the same dependence:

ous temperature (°C) for various timeg (min): a— 900 and 60; b — 900 _
and 60+ 1075 and 3pc — 900 and 60+ 1150 and 30. ABma=A In(t/t;) +N @)

wheret is the time,t;=600 s, andA and N are time-
independent parameters, which are characteristic of each
maxima. Figure 3 shows plots of the variation of the total
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lar positions(apparently in intersticesas well as the boron
atoms in a bound state, apparently in precipitates.

If this impurity subsystem is regarded as a supersatu-
rated solid solution, it turns out that the above features of the
redistribution of the impurity, taken together, fit well into the
theory of the coalescence of supersaturated solid solutions
developed in Ref. 6. We see a diffusional exchange of matter
between grains characteristic of the coalescence stage, which
alters the size distribution of the grains and thereby results in
the gradual elimination of supersaturation. The presence of
several sites of preferential clustering results only in the fact
that the size of the grains increases at the maxima of the
structure, where the supersaturation with respect to the inter-
stitial component is accordingly eliminated. Conversely, dis-
solution of the grains, which results in the release of the
impurity, occurs at the minima. The concentration gradient
appearing is smoothed by the diffusional transport of the
impurity in analogy to what occurs in a homogenous solution
FIG. 3. Variation of the total concentration of the boron isotopes at theP€tween individual graing.
minima of the impurity distribution closest to the center as a function of the  If the ensemble of precipitates existing at a given mo-
annealing time aff=900 °C. 1 — left-hand minimum,2 — right-hand  ment in time at a specific maximum of the structure is rep-
minimum (see Fig. 1 resented, as a consequence of the narrowness of their size

distribution functior® by a set of identical grains with a ra-
concentration for both isotopes at the minima closest to th((ejlus equal to the mean ra_\d|us of th_e preqpﬂal;esthen the
center of the structure, which satisfy the relation process of the accumulation of_the impurity fat thfe maxima of

the structure can be reduced in an approximation to a qua-

ABin=K exp(—At), 2 sichemical reaction of the mobile compon@&jtwith capture
where K=5.0x 102° cm2 and A=5.2x10" 55! for the  CENters of radiusy, . The concentration of the capture centers
left-hand  minimum, and K=6.7x10cm™ 2 and will then be determined by the mean number of precipitates

A=3.9x10"5 51 for the right-hand peak. N, present in the region of a specific maximum at a given

It is significant that following the redistribution of the moment In time.

boron atoms observed in this experiment, their integral num- ¢ In thbe_:l approxmatl?nﬂ:)f a tdlffufsmn_- th.’ ntroI]!etﬂ reaction
ber in a region with a thickness up to approximately 900 nm' & MOBIE component, the rate of variation ot the concen-
ration at the maximum is proportional to the size of the

remains constant to within 10%. It should be noted that n ) ; . :
changes in the distribution of the impurity are observed inm_t_e_racuon reg|on,_the concentrations, and the relative mo-
the bulk of the plate outside of this region, i.e., on the con-bIIItIes of the reacting components:
tinuation of the flat part of the original diffusional profile and

' dB
on fts edges. G = 4TI OBA(ON(D), ®

DISCUSSION . . )
whereB, is the concentration of boron at the maximum of

The experimental data obtained in Ref. 1 and in thethe structureD is the diffusivity of the mobile component,
present work show that the significant changes in the borop,(t) is the mean radius of a precipitat,(t) is the con-
distribution profiles analyzed by us at temperatures belowentration of the mobile component, aht(t) is the con-
1075° occur only in the ion-irradiated region itself and in thecentration of the precipitates. In accordance with Ref. 6, the
immediate vicinity of its nominal boundaries; i.e., they arevariablesN(t), r,(t), andB;(t) appearing in Eq(3) satisfy
spatially localized. These processes take place in a systethe relations
with isolated zones containing impurity-capture centers,

which are apparently boron-containing clusters. During the Q

. . _ 0 .1
annealing, boron flows into the clusters and escapes from Ny(t)= _ZaDt , (4)
them.

As follows from Refs. 2—4, in the case of annealing at h is the initial i ith h
900 °C the relaxation of the subsystem of the nonequilibrium’ et:)r'le QbO Is the Initial superrtzgturatlon wit res;r)].eck']r t?] the
elementary defects introduced when the ions are implanted {9OP!l€ boron component, andis a parameter, which char-
completed after a time far smaller than 10 min. It must pedcterizes the phase boundary between a crystal and a precipi-
assumed that the impurity redistribution processes observe@t€:
in the time interval 10—-240 min are determined mainly by s
the behavior of the components of the nonequilibrium impu rp(t)zrco(§aD> {18 ®)

rity subsystem: the boron atoms in lattice sites and in irregu-
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107 value problem for the diffusion equation in the restricted
space between two adjacent maxima has a solution, which
decays exponentially with time. Then the exponents in the
experimental dependend¢2) can be compared with the ei-
genvalues of that problem:
71_2
Am= mZFD (m=1,2,3,..)), )

where h is the distance between the planes on which the
boundary conditions are assigned. Taking a distance equal to
the mean period of the structure, 95 nm ha an approxi-
mation, form=1 we obtain an upper estimate for the diffu-
sivity of the mobile boron component within the region per-
turbed by irradiation:
oy — D=5x10 16 cn?/s at the minimum to the left of the
g 7 central maximum,
Iy o — D=4x10 18 cn/s at the minimum to the right.
The estimates obtained are in satisfactory agreement
FIG. 4._Corre|ati_on of t_he cqncentratidm of_ implar_lted B(solid Iine_) and with the available experimental d&fﬂf on the diffusion of
;ﬁ;esct’rfu'ggfe"’.‘se In the impurity concentratiQq (points at the maxima of 5 iy silicon under conditions for which no dependence
of the shape of the impurity distribution profile on the con-
centration of the latter is observed. The averaged temperature
wherer, is the critical radius corresponding to the initial dependence of the diffusivity of boron for the data in Refs.
- . - - _ ; - 16 °
degree of supersaturation. Sin@ét) at a given moment in  9—13 gives the value 9:010'® cn?/s for 900 °C.
time is determined by the concentration of the mobile com- It has generally been assumed that the diffusivity of bo-

L
-3
Q,,cm

0"

ponent, we also have ron atoms depends on their concentration in crystal-lattice
902 | 13 sites. The agreement obtained above between the values of

Ble(t)z( 03 ) {13 (6) the diffusivities then indicates that in the regions of the

Dreo samples where the formation of the oscillating structure oc-

Substituting(4)—(6) into (3) and integrating from the begin- curs the concentration of boron in the substitutional sites is
ning of the coalescence stage to the current moment in timé€duced in comparison with the original doping level.
we obtain a logarithmic dependence similar(1p

Bp(t)—Bpo=CQp In(t/ty), (7)  CONCLUSIONS

wheret, is the time of the onset of the coalescence stage, 1. It has been established that the migration of boron
Bpo is the concentration of the impurity in the precipitates ataccompanied by capture of the impurity in zones with fixed
that time, andC is a numerical coefficient. It follows from positions in space takes place with a conserved integral
(7) that the slope of the plots presented in Fig. 2 is proporquantity of boron in the silicon regions containing quasiperi-
tional to the initial supersaturatio@,. The initial supersatu- odic structures during anneals at 900—-1075 °C.
ration in our case is assigned mainly by the profile of the 2. It has been shown that during an anneal at a fixed
implanted impurity. Therefore, a correlation should be ob-temperature of 900 °C the increment of the boron concentra-
served between the initial degrees of supersaturation calction at the maxima of the quasiperiodic structure is satisfac-
lated in accordance wit{¥) from the data presented in Fig. 2 torily described by a logarithmic time dependence in the in-
and the experimental profile of the distribution of the im- terval 10—240 min, while the decrease in the concentration at
planted impurity. As is seen from Fig. 4, in which such athe minima is described by an exponential dependence. The
comparison is made, this correlation is, in fact, observedmain features of the redistribution of the impurity fit well
despite the highly approximate character of the treatmennto the theory of the coalescence of supersaturated solid
performed above. solutions.

Thus, an approximate analysis of the process of the ac- We wish to thank A. |. Baranov for a discussion of the
cumulation of an impurity at the maxima of the structureresults of this study.
considered shows that this stage in the formation of a quasi-
periodic structure is similar, in general terms, to the phenom-1A M. Mvasnikor. V. 1. Obodnikon. V. G. S e G TinKouk
enon of coalescence in a supersaturated solid solution of bo-% ' ISSTHeY V' | Qoo v o, Senven .0, Tk
ron atoms located at irregular positions in a silicon lattice.  [;e7p ett.60, 102(1994].

It was noted above that the variation of the concentration?p. J. Eaglesham, P. A. Stolk. H.-J. Gossmann, and J. M. Poate, Appl.
at the minima of the structure is regulated mainly by thesghyAS- ;f;tlfz 23;05ét$22‘r’:ann b, 3 Eadlesham. b. C. Jacobson. 3. M
diffusional f|0W of the _substance releas_ed from precipitates Poate, and H. S. Luftman. Appl. Phys. Lqeﬁﬁ, 568 (1995, U
to nearby maxima, which act as absorbing walls for the mo-4p A stolk, D. J. Eaglesham, H.-J. Gossmann, and J. M. Poate, Appl.
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Influence of impurity germanium on the properties of sulfur centers in silicon
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The influence of the germanium atomsrirSi(P, Ge, $ on the parameters of the sulfur centers

is investigated. An increase in the concentrations of some centers associated with S atoms
and a small shift of their local levels is discovered. The detected effects are attributed to the
influence of elastic strains that are caused by the presence of Ge in silicon crystal-lattice

sites on the interstitial configuration of S. Elastic strain induces vibronic enhancement in such
Jahn-Teller centers. @997 American Institute of Physid$$1063-782607)01506-9

INTRODUCTION an S atom and an Fe atom in Ref. 9. In addition, it was
shown in Refs. 13, 14, 17, and 18 that, first, the concentra-
tion of the centers with the ionization energigg, E,, and

Eg is of the order of 10% of the total concentration of elec-

The influence of impurity Ge and other isovalent impu-
rities in silicon on a number of properties of transition-metal

L?ptér_#es.(qtddutlhon?rily mtrtlyguced mftc;hSl_ byldlf:u.swunwz.,t. trically active S centers in Si and that, second, the formation
€ diffusivity, the thermal decay of their electrically aclive ¢ oqe centers is not regular, i.e., a dependence of their

centers, etc., was mvestl_gated in Refs. 1 and 2'. As a resulfOrmation on the diffusion temperature and the postdiffusion
these effects were attributed to the mechanical stress

. . >Guenching regime is observét®
caused by the straining of the crystal lattice due to the dlf(—%ﬁj As Weg seg despite the numerous investigations of S im-
ferences between the covalent and ionic radii of Si and th%urity centers in Si, there is still no clear-cut unique model

isovalent impurity. As the investigations of several for them. Under these circumstances we started out from the

—7 -
refsearche_?’s have s(;mwnhs_uch sltrefsée: caL_{[se tthe Clltﬁtermt%llowing arguments. If the S centers are substitutional cen-
of vacancies around each 1sovaientstaapurity atom, the ters, the introduction of the internal elastic fields caused by

formation of Ge+V, and complexes in silicon. In the opin- the Ge atoms has a strong effect on the position of the local

lon of those researchers, these effects influence rad""‘t'orllévels of such centers, although an increase in the solubility

induced defect-formation processes. In our opinion, it is Peryt s can be expected because of the appearance of vacancies

fectly natural to expect such strain fields to influence bot duced by the elastic fields of the isovalent germanium
Fhe de.,-t.ails qf defect formation and the energy spectrum Ohtoms!® Additional complications arisefia S center is a
!rr}lpurltles \:cv.'th de_‘f b (Isevels._V\S/i, itglesr_eg);ei (l)lngvest_lgsated S ariant of an interstitial S state, since realization of the Jahn—
L?] uence otlmpurflé e[§Ge_. i PG CM =) ON  Teller or pseudo-Jahn—Teller effect is then possiBle. this

e parameters of S centers in silican 3P, Ge, 3). . case, the elastic strain arising from the Ge atoms not only

It_ShOUId be r_10ted that the ql_Jestlo_n of the states of S ”.benerates additional vacancié$)( but also causes so-called
the Si crystal latiice and the relationship between the EXPEIibronic enhancement. The latter results, first, in displace-

mentally observed, diverse energy levels and just these stat(reﬁc,ent of the local levels and. second. in alteration of the
is extremely complicated. Therefore, despite the abundancg ' '

of experimental results on this subject, even today it is very olubility of such S centers.
difficult to unequivocally say just which states of S are real-

ized in Si and which energy levels they create. For examplegxPERIMENTAL METHOD
the existing literature describes a large number of S impurity

centers in silicon with their respective energy levet€ The samples were doped with sulfur by thermal diffu-

sion at a temperature of the order of 1000 °C for 20 h fol-

E;=E.—0.13 eV, E;=E.—0.27 eV, lowed by rapid cooling - 250° C/min. The original sample

E,=E.—0.36 eV, E,=E.—05 eV, used was oh-type S{P, Ge, $ with a resistivity equal to
10—-50 Q-cm. At the same time, control samples of

Es=E.—0.18 eV, Eg=E.—0.31 eV, n-type S{P), which did not contain isovalent Ge, but had

E.—E.—062 eV similar electrical parameters, were also doped with sulfur.
e : The parameters of the deep levels were measured by deep-

Some of the deep levels discovered, v, andEg in level transient spectroscofpLTS).?! The temperature de-
Ref. 8,E, andE, in Ref. 12,E4, E3, Es, andE; in Ref. 10, pendence of the velocity of the charge carriers was deter-
E,, E3, andEg in Ref. 11,E,, E,, E3, andE, in Refs. 14 and mined by measuring gated windows with the measuring
18, E3, E4, Eg, andEg in Ref. 15,E5 andE- in Ref. 16, and  charge relaxation time =0.2—20 ms andt,=2t, after a
E,, E,, E4, andEg in Ref. 17, were assigned to site states ofpulse for filling the deep levels with majority carriers.
the S atoms; thé, and Eg levels were assigned to com- Schottky barriers, which were obtained by sputtering Au af-
plexes involving interstitial Si atoms in Ref. 15; and thg  ter removing the surface layers of Si saturated with S, served
level was assigned to a pair of S atoms or a pair consisting ads rectifying contacts on-type Si.
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TABLE I.

Centers investigated

Type Parameters
of sample of centers E, E, = E,
E, eV E.—0.13 E.—0.257 E.—0.36 E.—0.50
SKP, S N, cm 3 3x10%? 2.8x10%? <io4t 1.7x10%
o, cnr - 5.4x10 4 - 5x10 %5
SiP, Ge, $ E, eV E.—0.13 E.—0.265 E.—0.37 E.—0.519
Nge=5x10"cm™3 N, cm 3 3.5x 102 3.8x10% 3.8x10% 4x10'
o, cnP - 7.2x10 4.1x10 2.2x10° 15
3. EXPERIMENTAL RESULTS AND DISCUSSION dN!

S_ 0/nJi\O
—=- - +
The results of the treatment of the DLTS spectra ob-  dt KaNv(Ng)™ exi = (1/ry +keNeot],

tained are presented in Table |. These results show that the . .
familiar spectrum of sulfur energy levéfss observed in the which gives

control samples oh-type S{P, S. The presence of the Ge i 4y — (NiYO 0,/ N\i 0T =

and Si atomps Ieads,t);irszt, tf) ar?increasr,)e in the concentration Ns(t)= (N9 kaNy(Ng"r[ — (1 —exp(—t/7)],

of S centergespecially of the centers with the energles  \yhere 1% =1/r,+k,Ng., andk; denotes the constants of
andE,) and, second, to a small shift of the positions of theirine respective quasichemical reactions. Thus, we have the
energy levels! We note that a similar phenomenon was ob-inetics for the concentration of interstitial sulfur atoms

served in Si doped with Ge and Afi,as well as Ge and Ni(t), which depend on the concentration of the Ge atoms.
Mn.?* The mechanism underlying this phenomenon was notere it is assumed thatNg/dNg>0.

disclosed in the references cited. Returning to our case, We | et us now consider the question of the possible influ-

note that while the S centers with an ionization energyence of the isovalent impurity Gen the electron spectrum

E;—0.36 eV in the samples without Ge have a very smallof the other impurities that dope the Si. Here the case in

concentration € 10 cm®) when the diffusion temperature \yhich the Jahn—Teller effect is seen must be distinguished

is 1000°C, the concentration of these centers in the sampleg,m the case in which it is not seen.

with Ge is significantly higher{ 4x 10" cm™?). ~ When the impurity atom does not exhibit the Jahn—
Let us analyze the results obtained from the standpoinfe|ier effect, the potential energy of the impurity atom with

of the influence of Ge atoms on the concentration of free captured electron in the elastic fielt=Vo(a/R)® of the
vacancies and from the standpoint the strains appearing e atom has the form

the character of the Jahn—Teller distortions of the configura-
tion of interstitial S, i.e., on the splitting of the states in a V(g) = Iy
field of Ty symmetry. We consider the system of kinetic (@)=e(a)+Vo

3

R+q/ ’
equations )
wheree(q) =0+ (1/2)xq? is the energy of the local center
dNy as a function of the displacement of the impurity atog) (

= - klN| NV_ kZNVNGe_ N\//TV_ k4NvNiS,

dt from its localization centerg<0), V, is the elastic interac-
dN tion parametera is the interatomic distance, is the elastic
o kyN;Ny—N, /7, constant of the center with the captured electron,Riglthe
dt distance between the impurity center and the Ge atom.
dNiS | Since
gt =~ KaNNs. a 13 g3 . 3q)
The initial conditions (at t=0) are: Ny=NJ; N,=NY; R+q/ R R/’

NL=(NYO°. HereNy, N;, Nge, andNk are the concentra- — . .
Ns=(Ns) CoTVo Tl Ges &S € . g=6V,a®/R*; therefore, the local level rises, and its en-
tions of vacancies, intrinsic interstitial Si atoms, Ge atoms I v becomes

sites, and S atoms in interstices, respectivély;/r, and 9y

N, /7, are the probabilities of the loss of the vacandieand _ k%[ 6Vyad]? const

the intrinsic silicon interstitial$ in sinks; anct the time for e(q)=eot 5l R | ~ 80T RE

cooling and the occurrence of all the quasichemical reac-

tions. Assuming that x{,<k,N,,, we obtain The value of the constant in this equality is very small,

N, =NO exg —t/) so that the large exponent éhrenders the effect of the shift
e _ ) appreciable only near the impurity atom. Thus, this effect is
Now, if [k{N, ,ksNs]<[kyNge,1/m,], we can write possible only at anomalously high concentrations of germa-
N _ nium. We note that such a level shift can be observed on a
Nv=Ny exf = (1/ry+keNgelt]. background of the temperature only if the following inequal-
Then, in turn, we can write ity is satisfied: consB®>kT (Fig. 1a.
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YIn principle, this shift lies withinkT, but it is always in the direction of

FIG. 1. T—R phase diagrams, whefE is the temperature, an® is the deepening of the levels.

distance between an isovalent impurity atom and a nonisovalent defect for—

the cases in which the defect does not exhibit the Jahn—Teller ¢ffeatnd

the defect exhibits the Jahn-Teller efféb). ® — the lowering of the
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Possibility of enhancing a photorefractive hologram using negative differential
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The possibility of utilizing negative differential conductivity for photorefractive recording is
considered. It is shown that the application of an external variable field of definite form to a crystal
makes it possible to avoid the formation of macroscopic strong-field domains and, at the

same time, to ensure enhancement of the hologram in the initial stage of readintP9©
American Institute of Physic§S1063-7827)01606-7

High-resistivity crystals of such semiconductors as (v7)dE—(iv—Dq)7/E, +|Dq((97-/(9E)
F:

GaAs, CdTe, InP, etc. are employed, along with other mate- 1=iqur T Do?r 2
rials, in photorefractive recording. These semiconductors can

exhibit bulk negative differential conductivityNDC) in a .

certain range of electric field strengths. For samples witha p— _ M 3)
sufficiently high concentration of free charge carriers this 1-igqvr+Dg°r

phenomenon causes a Gunn effect and is widely used to
generate microwave oscillatiohs High-resistivity (with ~ HereD is the diffusion coefficientwe assume thad does
strongly compensated impurity conducticsemiconductors not depend oft), £ andeq are the dielectric constants of the
can also display NDC, but it can be caused not only by &rystal and the permittivity of a vacuum, respectivedyis
decrease in the carrier drift velocity(E) with increasing the charge of the electroRq=eN,/(qee) is the saturation
field strength(Fig. 1), but also by the fact that the cross field of the trapsN, is the density of the deep traps, and
section for the capture of a carrier by an impurity center carflo is the density of the conduction electrons.
increase with increasing field strendtiAs was noted in Ref. The reading process corresponds to zero on the right side
3, this phenomenon allows the appearance of growing spati@f Ed. (3) (uniform illumination,m=0). The imaginary part
trap charge-exchange waves in addition to damped wave$f the coefficien” specifies the rate of motion of the space-
As a result, slowly movindrecombinatioh domains form.  charge grating along the axis, and the real part gives the
The recording of photorefractive gratings under the condamping(or growth rate of the grating.
ditions of saturation of the carrier drift velocity at large val-  If @ variable field with a frequenc§2 much greater than
ues of the external constant electric field was investigateghe hologram recording reciprocal time is applied to the crys-
theoretically in Ref. 4. According to that work, zero differ- tal instead of a constant field, the space-charge grating is
ential carrier mobility permits an increase in the amplitude ofstationary. For the case of a variable field in the form of the
a space-charge field grating. meanderE(t) = Eqsgn(cos(l)), averaging Eq(5) over the
In this paper we consider the possibility of enhancing aperiod of the external field and disregarding diffusiahen
previously recorded photorefractive hologram as it is read bypa<v andDg®r<1), we can easily find the damping of the

utilizing the phenomenon of NDC. grating
The treatment is based on a well-known model of pho-
torefractive crystals but with consideration of the nonlinear 8(VT)/8E+q(V7')2/E
character of the dependence of the electron drift velocity on 1+ (qur)? ' )

the field strengthv(E) and the dependence of the mean life-
time of an electron in the conduction band on the field A5 can be seen, wher(v7)/dE<—q(v7) ’IEq, en-

7(E). We represent the field in a crystal in the form hancement of the grating should be observed durlng reading.
E=Eo+Esexplagx)+c.c., whereE, is the external field, and - However, when photorefractive holograms are recorded in
q is the spatial frequency of the space-charge fi#dJ)(  semiconductors in an external field, the drift length of the
grating. Assuming thaEs<E, in the approximation of low  free carriers) = is comparable to or significantly greater than
contrast in the interference pattenm{1), by analogy with  the period of the interference pattern, igur significantly

Ref. 5 we can easily obtain the equation describing the reaxceeds unity. Thus, in the case of NDC the enhancement

cording of a photorefractive grating factor of the hologram will be considerably smaller than in
noise gratings, in whiclyyr<1. This will lead to the for-
€8g (?ESC—FE = (1) mation of macroscopic strong-field domains and distortion of
nolel 4t s T the hologram. Curves a and b in Fig. 2 are plotd’¢f|) in

the case of positive and negative differential conductivity for
where the following values of the parametemshich correspond to
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FIG. 1. Characteristic form of the dependence of the electron drift velocitydamping of the gratingFig. 3). We assume that for macro-
on the electric field strength(E) for a gallium arsenide crystal. scopic domains (r7<1) erasing compensates for the
growth: v t,= — v{t,, wheret, andt, are the lengths of the
portions of the period of the external field corresponding to
damping and enhancement of the grating, ahdnd v} are
the derivatives of the carrier velocity with respect to the field
trength at these moments in tinfieig. 1). When v,> v,
(irasing occurs more slowly for a grating witghv7>1, and

a GaAs crystal N,=8x10'm™3, ¢=13,a) v,7=13 um
(Ref. 6, 7/=0, vi/v,=0.4x10"° cm/V (Ref. 1), b)
vp=0.8v,, v,=—0.3v).

The formation of macroscopic domains can be avoide

by applying a variable field with a tir_ne dependence of he grating is enhanced as a result. Figure 2 presents plots of
specific form. We assume that during its period the extern he dependence of the mean damping in a period of the ex-

field assumes values corresponding to enhancement arfgrnal field T(q) = (t,+ tp) ~ (T a(q)tat Tp(Q)t,) for vari-

ous values of,/t,. The values of", andT'}, correspond to

the dampings of the grating in an external field in the form of
a meander with the amplitud&; andE,, (Fig. 3). As we can

see, when the parameters have certain valbgs 2, curves

¢ and d, enhancement of the gratings can be ensured in a
certain range of spatial frequenci@s which qv7<10), and,

at the same time, the appearance of macroscopic domains
can be avoided.

I'(g)/ 0 (0)
<
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Plots of the temperature dependence of the dielectric constant and the ac resistance of the
compounds Cd ,Mn, Te (0 < x=<0.7) are presented, and it is established from them that additional
polarization of the compound is caused by hopping charge exchange among structural

defects. The electron spin resonance and reflectance spectra of these materials are investigated. A
model describing the thermally activated increase in the dielectric constant of the

semiconductors is proposed. The main characteristics are determined, and a microscopic model

of the structure of the defects whose hopping charge exchange leads to an increase in the
dielectric constant of the compensated;Cdvn,Te semiconductors is proposed. ®97

American Institute of Physic§S1063-78207)01706-7

INTRODUCTION mainly between nearest neighb8r§he mean hopping dis-

~N-13 ; ; ;
Dynamic effects caused by hopping charge exchangttaance R=N~"*, where N is the defect density. A dipole

among defects that create deep levels in the band gap cappearnng as a result Of a hop has a dipole WOWR
appear at high defect concentratidr®ne such effect is the he _probab|l|ty of hopping charg_e exchange is defined, ac-
temperature-activated increase in the dielectric constant th§P rding to Ref. 7, by the expression

we discovered in Si crystals irradiated with doses of neutrons AE AE
greater than or of the order of ¥ocm™? (Ref. 2. Hopping P(T)=C(aR)2ﬁ ex;< —2aR- ﬁ)
electron exchange among the defects present in a crystal

leads to the appearance of dipoles and consequently to avherea is the rate of descent of the electron wave function
increase in the dielectric constahtn binary and ternary in the potential well created by a defedtE is the activation
compounds defects appear not only as a result of irradiatiorgnergy for hopping charge exchange, which is related to the
but also during growtf. Hopping charge exchange among energy positions of the defect levels in the band gap and the
them can also lead to an increase in the dielectric constant éfermi level, andc is a coefficient, which is determined by
the crystals. the phonon spectrum.

In this paper we present a phenomenological model, We assume that a defect can be in a nonzero charge state
which describes the increase in the dielectric constant ofor a certain timer and then return to the neutral state. Then,
high-defect-density semiconductors due to hopping chargby analogy with Ref. 8, the density of the defects in the
exchange among the defects, and report the results of meaharged states can be estimated in the following manner:
surements of the dielectric constant and the ac conductivity,
as well as the electron spin resonan&&SR spectra, of NT=N"= NP(T)7 _
Cd,_,Mn,Te semiconductors, which enable us to propose a aP(T)r+1

hmlcrqscopr:c structurhal model of the defects among which, ye ansence of an electric field the hopping probabilities in
Opping charge exchange occurs. different directions are equal. In an electric field with an

intensity E the hopping probabilities in the direction &
1. HOPPING CHARGE EXCHANGE AND THE DIELECTRIC and in the opposite direction differ by the quantity
CONSTANT OF HIGH-DEFECT-DENSITY SEMICONDUCTORS exp(=eRHEKT).

We start out the construction of the model from a crystal ~ 1huS, uncompensated dipoles appear in the bulk of the
in which there are defects of one type that create deep levefdyStal. We obtain their concentration by multiplyif{T)
in the band gap and whose charge states can take the valy8sEd- (2) by sinh@REKT):

@

@

“0,” * +,” and “—." Such defects are characteristic of eR
l1-VI semiconductors. NP(T)r sin?-(k—TT)
At low temperatures the bulk of these defects will be in Ngip= (3)

the neutral charge state. As the temperature rises, hopping ® 2P(T)r sin eR +1'
charge exchange among the defects begins. Hops take place kT
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Using the relation® = Ny, p=Ngj, eR, P=¢gxE, and(3),
we determine the additional contribution to the dielectric 2
susceptibility caused by hopping charge exchange among de

fects:
2
NP(T)7 sm?(k—_l_E) eR &l
Xp= eR eoF (4) s
2P(T)TS|n|'<k—TE)+1 s
A
In the case of weak fields E) is simplified: S
NP(T)re?R? 2k
X~ kT ®

When P(T)7<1, according to(2), the productNP(T) 7 is

the total concentration of dipolém contrast ta(3), in which 0
the concentration of uncompensated dipoles is divéve 8
then have o
N*e?R? © 4
X0~ kT z 3
€o 10°/7 K
and x,, coincides to within a factor of 3 with the quantity
specified by the Debye-Langevin formtila FIG. 1. Plots of the temperature dependence of the capacitance of
Cdy ggMng 15Te for various measurement frequencie&Hz: 1 — 0.1,2 —
Ne?R? 1,3 —10.
X= 3o kT’ (7)
vl\\llhé?gocli:sscnbes the dielectric susceptibility of a crystal Wlthof the activation energy for an increase in the dielectric con-

. : tantAEC relative to the edge of the conduction band, which
Thus, hopping charge exchange among multiply charge ere determined from the plots of |&=f(1/T) for semi-

defects that create deep levels in the band gap should lead {g 4, ,ctors of various composition. As the measurement fre-
an increase in the dielectric constant in the presence of a&uency is increased, a decrease in the capacitance is ob-

external electric field.
served, as follows from Eq$4) and (5).
In deriving (4) and(5) we assumed that= const. In this v W as4) ©

case the additional contribution tg, caused by hopping
charge exchange can be observed only for the frequencies
f=<2/r. However, the times for different defects can differ
from one another. If they fall in the ranggnin=<m=<Tmnax

Xp should decrease above the frequehey2/r,,, and then 2
vanish atf >2/7,.

2. EXPERIMENTAL RESULTS AND DISCUSSION §r

Capacitors, in which plates of the materials investigated
with a thickness of 0.45 mm served as the insulator, were
prepared for the measurements of the temperature depe e
dence of the dielectric constant of the semi-insulating mate .3 |
rials Cd_,Mn,Te (0=x=<0.7). The capacitor plates were
obtained by applying a current-conducting silver paste to the
surfaces of the plates. The capacitance and the resistan
were measured by an E7-14 digital immittance meter at the 77|
frequencies 0.1, 1, and 10 kHz. The accuracy of the measure ¢
ments wast 0.1%. The temperature was varied from 80 to &+
450 K. The accuracy of the temperature measurements we

+0.5 K. 4
Figures 1 and 2 present plots of the temperature deper L ] f L 1
dence of capacitors with Gd,Mn,Te insulators of various 2 J 4 6 7

)
composition. It is seen from the figures that at low tempera- ?
tu_res the dielectric C_OnStant IS equ_al to about 9 and COI_nCIdeF—ﬁG. 2. Plots of the temperature dependence of the capacitance of the ma-
with the value obtained from optical measurements in thgeriais g Mn,Te (0=x=0.7) for f=10 kHz and various values of

infrared region of the spectruffi.Table | presents the values 1 — 0,2 — 0.15,3— 0.3,4 — 0.5,5— 0.7.
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TABLE |. Activation energies for the dielectric constam&ic) and the -5
conductivity (AEiR) in the first (=1) and secondi&2) stages of the 10"
increase inC and o, as well as the band-gap widt, for Cd, ,Mn,Te
semiconductors.

X AES, eV AEf, eV AE§, eV AEF, ev  Ey, eV

0 <0.12 - 0.25+0.05 0.28-0.05 1.50

0.15 0.12-0.03 0.12-0.03 0.14:0.03 0.130.03 1.71

0.30 0.27#0.05 0.29-0.05 Not detected 1.90 E 6
0.50 0.25:0.05 0.25-0.05 in the temperature 2.19 "110 B
0.70 0.66-0.10 0.570.10 range measured 2.40 0

Figure 3 presents plots of the temperature dependence of
the resistance of a sample of G@dVing 1sTe. The resistance
displays a significant dependence on the measurement fre- 47|
guency, attesting to the hopping mechanism of charge trans-
fer in it.% According to Ref. 6, the dependence of the con-

A > . , 0° 0° 10*
ductivity on the frequency in this case is described by the f Hz
expression ’

O'ZO'OfS, (8) FIG. 4. Frequency dependence of the conductivity of the materials

Cd,_,Mn,Te (0<x=<0.7) for various compositions of the solid solution and

wheres<0.8. The expressiof8) is valid only in the tem-  measurement temperaturds:— x=0, T=358 K; 2— x=0.15,T=278 K;
perature ranges where the conductivity is determined by hopgl —hxdzlf_’-& T:2|83 *;?f —fgf; 0.5, T=328 K; 5 — x=0.7,T=378 K;
ping charge exchange among defects of a single type. A¢2shed line — plot obr= ot

cordingly, the temperatures at which a drop in resistance is

observed for all three measurement frequencies were sg; the electric constant and the conductiviigs. 1 and 3
lected on theR(1/T) curves(see Fig. 3 Figure 4 presents ang petween the values of the activation energies for in-
plots of the dependence of the conductivity on the measurgsreases in the capacitancAES) and the conductivity
ment frequency for materials of different composition, as(AEgR) (Table |) and the existence of frequency dependences
well as a plot of the dependence=0of*® It is seen from o the capacitance and the conductivity can serve as evidence

Fig. 4 that the conductivity of all the materials investigatedinat all the processes enumerated above are determined by
depends on the measurement frequency, and the expsnenhopping charge among defects.

in (8) is smaller than 0.8 in all cases. The agreement between ' pefect densities of the order of %9 102° cm~23 are
the portions of the temperature dependences with increas@geded for such a significant increase in the dielectric con-
stant (to the valuese=200, i.e., more than a tenfold in-
crease to occur because of hopping charge exchange.
determine the concentrations of the defects present in the
materials C¢_,Mn,Te, we measured the ESR spectra at
T=77 K. The results of the measurements showed that the
materials withx=0.15 produce a broad isotropic line, whose
parameters, viz., thg factor and the linewidtlAH, as well
as the concentrations of the defects responsible for its ap-
pearance, are presented in Table II. It follows from the ESR
data that the Cd ,Mn,Te semiconductors contain paramag-
netic centers, whose concentration can be sufficient for hop-
ping charge exchange among them to cause an increase in
the dielectric constant.

The dielectric constant of CdTe at 77 K is approximately
three times greater than the value characteristic of materials
with x>0 at that temperature. This means that in CdTe there

R,0hm

TABLE Il. Results of ESR measuremer(7 K) in Cd;_,Mn,Te crystals.

| 1 1 ] X g AH, G N, cm 3
2 4 6 8 70

10%/7,67" 0.15 2.0035 390 2.2210%

0.30 2.0050 215 4.49101

FIG. 3. Plots of the temperature dependence of the resistance d.50 2.0128 240 7.5810%

Cd, ggMing ;sTe for various measurement frequencie&Hz: 1 — 0.1,2 — 0.70 2.0152 220 1.0810%?

1,3 —10.
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FIG. 6. Model of the structure of defectd.— a vacancy or impurity atom
in a site in the Te sublattice.

AE;=0.27 eV, and wher=0.7, three Mn atoms can appear
FIG. 5. Activation energies for hopping charge exchadgg andAES in in a defect withAE,;=0.60 eV. Defects of a second type,
the 'firs't(l) and second?) stages of the increase in capacitance, aé well asWthh appear in the ﬂrSF stage of the mcreas_e 'n the dielectric
the band-gap widtlE, (3) as a function of the concentration of Mn atoms. CONstant, can be impurity atoms or vacancies in the Te sub-
lattice.
. _ ' ' Figure 6 presents the model of the structure of the de-
is _also a large (_:oncentrauon of defects which begin to parfects which can be responsible for the hopping charge-
ticipate in hopping charge exchange at temperatures lowafansport processes in the materials ;G@Mn,Te
than 77 _K. It does not seem pogsm_le to say anything deflnthOs x=<0.7). The proposed model of the structure of defects
concerning the value of the activation energy for the dielecthat differ with respect to the number of Mn atoms appearing
tric constant. Ithan only be presumed that it does not exceegh them can be used to account for the observed differences
the value ofAE; for x=0.15, i.e., 0.12 eV. in the variations of the band-gap widky and the activation
Itis seen from Table | and Fig. 2 that the defects responanergy for hopping charge exchangEf with the Mn con-
sible for the additional polarization of CdTe at low tempera‘centration(Fig. 5. The value ofE, is determined for the
tures were not discovered in appreciable numbers after thgsje crystal and is a continuous function of the Mn con-
introduction of Mn in a concentratiorn=0.15. Since Mn  centration. At the same time, the properties of the defects are
replaces Cd, it can be theorized that these defects are defegs 5| and are determined by the small group of atoms appear-
in the Te sublattice and that the introduction of Mn leads t0jng in their composition. Therefore, the properties of the de-
variation of the position of their energy levels in the bandecis should vary discretely together with the number of Mn
gap and, consequently, in alteration of #/T) curve.  a10ms appearing in them. Consequently, the dependence of
Figure S presents the activation energies for hoppingy g, on x should be a nonmonotonic function. At values of
charge exchange and the band-gap width, which was oly ¢jose to 0 each defect is an impurity atom or a Te vacancy
tained from reflectivity measurements, as functions of they 5 site in the Te sublattice. which is denoteddin Fig. 6
Mn concentration. As is seen from Fig. 5, the plot of 5nq the activation energy for iNE;<0.12 eV. When
!Eg(x) 'is linear over the gntire range of Mn conce.ntrationsxzo_25, a Mn atom appears in the defect, anfl,=0.12
investigated, while th E;(x) curve is not monotonic. The ey At values ofx in the vicinity of 0.5 the defect contains
value of AE; increases with increasingup tox=0.30, then o Mn atoms. In this casaE; =0.25. At values ok in the
remains unchanged up ®=0.50, and finally increases yjcinity of 0.75 the defect includes three Mn atoms, and its
abruptly. . _ activation energy is 0.60 eV.
~ Asimilar dependence onis also observed for the line- This model accounts for the nonlinear variation of the
W|d_th of the_ ESR signal. The factor is Ilkewlse anonmono- |inewidth of the ESR signal and thg factor (Table 2 with
tonic function ofx (Table I). An analysis of the results the concentration of Mn. Each of the types of defects just
obtained, primarily of the nonmonotonic variation of the ac-gescriped should be characterized by its own parameters for
tivation energiesAE™ and AE™, enabled us to develop a the ESR signal. The signal from €dMn,Te with different
model for defects whose hopping charge exchange detefan concentrations is caused by a combination of defects of
mines the dielectric constant and the ac conductivity of comgeyeral types. This leads to nonlinear dependences aj the

pensated Cd ,Mn, Te semiconductors. The properties of the factor and the linewidth of the ESR signal on the concentra-
defects are determined, first of all, by their microscopiciion of Mn atoms.

structure, i.e., in our case by the number of Mn atoms ap-
pearing in them, which can take discrete values from 0 to 4
depending on the value of. Therefore, it can be assumed
that one Mn atom appears in the composition of a defect with  Investigations of the dielectric properties of the ternary
an activation energAE;=0.12 eV whenx=0.15. When superconductor compounds £gMn,Te (0<x=<0.7) have

x=0.3 or 0.5, two Mn atoms can appear in a defect withrevealed a thermally activated increase in the dielectric con-

CONCLUSIONS
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Anomalous distribution of iron atoms following the simultaneous implantation of Co *

and Fe™* ions in silicon
G. G. Gumarov, V. Yu. Petukhov, V. A. Zhikharev, V. A. Shustov, and I. B. Khatbullin

E. K. Zavoiskil Kazan’ Physicotechnical Institute, Russian Academy of Sciences, 420029 Kazan’, Russia
(Submitted March 13, 1996; accepted for publication October 25,)1996
Fiz. Tekh. Poluprovodr3l, 719—-721(June 199y

An anomalous two-peaked depth profile of Fe atoms has been observed following the
simultaneous implantation of Feand Cd ions in Si at low ion current densitie§ €10 uA/
cnm?) and a 1:3 ratio between iron and cobalt ions in the beam. Such a profile is formed on
condition that the time of diffusion of the iron atoms to the sifitke& surfaces and the regions of
linear defects in the bulk of the sampis shorter than the effective time for silicide formation.

© 1997 American Institute of PhysidS1063-782807)01806-1

The interest in compound silicides in microelectronicssecurely held in a water-cooled duralumin holder. The
processing is attributable to their wide variety of physicalsample temperature measured by a thermocouple did not ex-
properties, which expand the areas for their utilization. Inceed 100 °C.

particular, the double orthorhombic silicigg(Fe, ,Co,)Si The thermal annealing was carried oufTat 750 °C for
» is interesting as a semiconductor with a variafadlg a func- 32 h in a stream of dry nitrogen.
tion of x) band gap. The possibility of forming such a com-  The phase composition of the films obtained was deter-

pound by the successive implantation of ‘Fend Cd" ions mined from reflection electron diffraction patterns recorded
in Si with two-step thermal anneallng after each implantation,, 44 ‘BIR-100 instrument at electron energies equal to 50
step wa53 demonst_ra}t.ed in Ref. 1 we demon;trategnd 75 keV. Deeper layers were investigated by x-ray dif-
elsewher&® the possibility of synthesizing a double silicide fraction analysis in parallel glancing bearttde angle be-
by simultaneously implanting ions of differenti3netals in tween them wasr=2°) using a DRON-3M diffractometer

silicon without any high-temperature treatment. .
y g b 0,fA\uger electron spectroscopy was employed to determine the

In the present work we studied the phase composition - ) .
ion-implanted films and the depth profiles of the implantedelemental composition of the films synthesized and the depth

atoms that appear during the simultaneous implantation Or[)roflles of the fitoms. , , )
Co" and F€ ions in silicon(when the cobalt ions dominate Depth profiles of the elements in samples immediately

in the beamx=0.75) before and after heat treatment. after implgntation(before the ensuing treatmeptsvhich .
Plates of type EDB-10 single-crystal(111) silicon  Were obtained by Auger electron spectroscopy, are shown in
served as the starting material. The implantation"®%e" Fig. 1la. It is seen that the distribution profiles of the Co and
and 5°Co* was carried out simultaneously from a single Fe atoms differ strongly, which is surprising, since their
source in an ILU-3 system at an energy of 40 keV and arftomic weights are close. Calculations of the distributions,
integral dose of 2.8 10" cm™2. The ion current density was according to a modified TRIM program for Feand Co
10 wAlcm?, and the ratio of the number of Fdons to the  implanted in silicon with an energy of 40 keV, give nearly
number of Cd ions in the beam was 1:3. The samples werecoinciding profiles with the following parameters: a mean

36| b
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N | N FIG. 1. Depth profiles of cobalfl)
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projected rangeFTp:SSO A and a mean projected deflection times greater than the flux density of the Feons, the

AR,=150 A. While the distribution of the cobalt atoms is cobalt-containing particle€CoSh) are dominant in the im-
close to the theoretically expected profile, the distribution offlantation region during implantation. During this process
the iron atoms is anomalous and has two clearly expressefi€y probably prevent the formation of stable nuclei of iron
maxima of different intensity; the first peak is located in silicides, i.e., they increase the effective time for silicide for-
direct proximity to the surface and the second peak is locatenation with the iron atoms. Because of their high diffusion
at the boundary of the cobalt distribution in the bulk of therate in silicon? the bulk of the iron atoms go into the sinks,
sample. An analysis of the Auger spectra also demonstratd$., the surface and the near-surface layer, as well as the
the presence of a thin carbon-containing film of thicknesgegion of linear defects in the bulk of the sample.
10— 20 A and a silicon oxide film with a thickness of several ~ When only iron ions are implanted in silicon or the im-
tens of A in the near-surface region. Reflection electron dif{lantation is carried out in a regime in which iron ions are
fraction analysis of a sample after implantation gives on|ydominant in the beam, the effective silicide formation time
reflections from polycrystalline cubic cobalt disilicide. The for the iron atoms is significantly smaller, and the two-
remaining phases, including the iron-containing phase, arBeaked distribution does not form.
amorphous according to the electron diffraction data. The As has been reportefthe linear defects anneal out af-
x-ray diffraction patterns of a sample after implantation alsoter thermal annealing at>700 °C. Therefore, during pro-
demonstrated the formation of only a cubic phase of ¢oSi longed thermal annealing (750 y@he Fe and Co atoms
In contrast to the experiments with the simultaneous im-migrate to the region of the granular Ce$iim, which now
plantation of ions of two types, in the case of the bombardserves as a sink, producing additional cobalt disilicide and
ment of silicon in the same regimes by On|y+F@r CO+) forming iron silicide with the remaining silicon. Contraction
ions, no anomalous distribution or diffusion from the implan- of the profile of the implanted atoms upon the formation of
tation region was observéd. This fact points to the decisive Ssilicides after thermal annealing has also been observed by
influence of the cobalt ions located in the implantation regiorsome other researcheérs:? Judging from the total concen-
on the anomalous distribution of the iron atoumder the tration of the metal, we can state that a continuous disilicide
present implantation regimes film consisting of CoSi and B-FeSjp formed during such an
Thermal annealing of the samples obtained at 750 °C fopnneal.
32 h led to significant alteration of the distribution profiles of ~ We have observed an anomalous, two-peaked depth pro-
the implanted element§ig. 1b. Specifically, the profiles of file of Fe atoms following the simultaneous implantation of
the Fe and Co atoms contract and move toward the surfacE€™ and Co ions in Si at low ion current densitieg <10
At the same time, there are no appreciable changes in theA/cm?) and a 1:3 ratio between the numbers of iron and
thickness of the carbon-containing and oxide films. The eleccobalt ions in the beam. Such a profile is formed on condi-
tron diffraction patterns of the annealed sample containedions that the diffusion time of the iron atoms to the sinks
lines corresponding to CoSand FgO, phases. At the same (the surfaces and regions of linear defects in the interior of
time, an ana]ysis of the X-ray diffraction spectra shows thathe Sampl¢is shorter than the effective time for silicide for-
the principal phases in the ion-implanted film after thermalmation.
annealing are CoSiand 3-FeSp. We wish to thank V. F. Makovskifor obtaining the
A nonclassical implantation profile similar to the one in Auger electron spectra.
F|g 1a for the iron atoms was also obtained in Ref. 6 fol- This work was carried out as part of the State Scientific-
|Owing the imp|antation of On|y Ni ions in Si. Wuet al, Technical Program “Prospective Micro- and Nanoelectron-
attributed this effect exclusively to diffusion to sinks, which ics Technologies and DevicegProject No. 142/57/2
can be the substrate surface and the region of linear defects
located beyond the normal distribution profile of the im-
planted atoms. In the case of the simultaneous implantationg \yieser, p. Panknin, W. Skorupa, G. Querner, W. Henrion, and
of ions of two types in silicon that we considered, we also J. Albrecht, Nucl. Instrum. Methods Phys. Res., Sect8®81, 867
took into account the phase formation processes. According(1993.
to Ref. 7' the diffusion of Fe atoms to a Surfe(w to sinks V. Yu. Petukhov, I. B. Khalbullin, and G. G. Gumal"ov, Arbstraf:ts of
s . . . .. Reports to the 1st Russian Conference on the Physics of Semiconductors,
of another kindlis possible, if the following condition holds  jizhnii Novgorod, 1998in Russiad, Vol. 2, p. 353.

for them during implantation: 3G. G. Gumarov, V. Yu. Petukhov, V. A. Shustov, and |. B. ihalin,
Vysokochist. Veshchestv@), 95 (1995.
TI<T¢, 4V. Yu. Petukhov, I. B. Khaibullin, M. M. Zaripov, R. Groetzschel,

P . ) ) . . H. Voelskow, and R. Klabes, Phys. Status SolidD8, 463 (1986.
whererq=a“/D is the diffusion time from the implantation 5k. Radermacher, S. Mantl, C. Dieker, H. Holzbrecher, W. Speier, and
region to the sinksa is the distance from the maximum on  H. Luth, Proc. MRS235 273(1992.
the distribution of the primary implanted atoms to the sinks, M- F- Wu. J. De Wachter, P. Hendrickx, A.-M. Van Bavel, H. Pattyn,

is the diffusivi fph . y | P d is th G. Langouche, J. Vanhellemont, H. Bender, M. Maenhoudt, and Y. Bruy-
D is the ( |.us!V|ty of the imp an'Fe e}toms, ang. is t. e seraede, Appl. Phys. Le3, 542 (1993.
characteristic time for complexation, i.e., the formation of 7v. L. Vinetskir and G. A. Kholodar' Radiation Physics of Semiconductors
the Fe—Si complex in our case. As a result of the low solu- [in Russiai, Naukova Dumka, Kiey1979.
8 : ) - .
bility of 3d metals in Si|iCOI’? the formation of Secondary V. M. Glazov and V. S. Zemskowhysicochemical Principles of Semi-
- . ’ . . conductor Doping Israel Program for Scientific Translations, Jerusalem
phases(silicides begins already after small implantation (1963

doses. Since the flux density of the Cimns in beam is three  °V. Yu. Petukhov, I. B. Khaibullin, M. M. Zaripov, E. Wieser, R. Groet-
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Features of radiation-induced defect formation in p-type Si(B,Pt)

M. S. Yunusov, M. Karimov, M. Alikulov, A. Akhmadaliev, B. L. Oksengendler,
and S. S. Sabirov

Institute of Nuclear Physics, Academy of Sciences of Uzbekistan, 702132 Ulugbek, Uzbekistan
(Submitted January 31, 1996; accepted October 25,)1996
Fiz. Tekh. Poluprovodr31, 722—-723(June 199Y

The results of an experimental study of radiation-induced defect formatiprSiiB, Pt using
deep-level transient spectroscofdL TS) are discussed. The significant influence of the

initial presence of B and Pt impurities on the efficiency of the formation of radiation centers
(especially with an energi ,+0.36 eV} is demonstrated. This phenomenon is attributed to the
presence of electrically neutral complexes consisting of an intrinsic interstitial atom and an
impurity atom inp-type S{B, Pf), which effectively dissociate during irradiation and thereby
influence the quasichemical radiation-induced defect formation reactiond4993

American Institute of Physic§S1063-7827)01906-9

Several studies have focused on the electric and photatopant Pt in the sampleNg=const) (Fig. 1a, curvel).
electric properties of $Pt).'> Those studies have shown However, the concentration of these centers is higher in the
that platinum creates energy levels in the band gap atamples ofp-SiB,Pt than in a control sample gi-Si(B)
E.—0.26 eV,E.—0.53 eV, andE, +0.34 eV. The effect of containing a similar concentration of @ig. 1a, curve2). In
platinum on the radiation-induced defect-formation pro-the latter case the dependenceNbfon Ng is significantly
cesses was found to be significaritHowever, the mecha- weaker. It follows from an analysis of these results that the
nism of the radiation-induced processes i{P$i has not yet  efficiency of the introduction of radiation defects with an
been thoroughly elucidated. energyE,+0.36 eV is influenced mainly by the presence of

The present research was performedmtype silicon  the dopant Pt.
grown by the Czochralski method with various concentra-  Thus, the following experimental results have been ob-
tons of B  (Ng=10"-10cm™3) and Pt tained from investigating the effect of radiation onp-Si
(Np=6x10"-6x10"m™3) impurity atoms. Platinum (B) andp-Si(B,P:
was introduced intp-type S{B) by thermal diffusion over — the efficiency of the introduction of the observed ra-
the course of about 10 h. To take into account the influenceiation centerdespecially with an energf,+0.36 €V} is
of the heat treatment on the material, control samples ohigher inp-SiB,Pt than in a sample op-Si(B) that does
p-Si(B) were annealed in parallel at the diffusion tempera-not contain platinum;
ture. Schottky diodes were fabricated by sputtering Au and — the dependences of the efficiency of defect formation
Sb onto the samples to perform the DLTS measurements. (especially for the defects with an energy+0.36 eV} on

Doped (-Si(B,P%) and control p-SiB)) samples were the concentrations of B and Pt are similar; i.e., the efficiency
irradiated by®°Co y rays with an intensity of 2500 R/s to decreases with increasing concentrations of B and Pt, but it is
integral doses of the order of 4@ad. Comparing the DLTS always higher in Si that contains platinum.
spectra of the irradiated samples with the literature #ata, These nontrivial results could be explained by taking
we concluded that the observed local energy level ainto account the amphoteric nature of the Pt impurity atoms
E,+0.25 eV should be assigned to a divacan®¥)( the in silicon and the participation of the intrinsic interstitials
level at E,+0.36 eV should be assigned to the complex(l) and the decomposition product of-Pt, along with the
V,+0O;+C;, where Q and G are interstitial oxygen and primarily generated vacancied/) in quasichemical reac-
carbon atoms, and the level Bt,+0.44 eV should be as- tions. Let us examine the quasichemical radiation-induced
signed to the familiar complex consisting of a vacancy and glefect-formation reactions in Si on the basis of these ideas.
boron atom,V+B. In addition, the efficiency of the intro- The system of kinetic equations for such a process will
duction of these radiation centers is much higher in the Pthave the form
doped samples than in the control samples.

Figure 1 presents plots of the dependence of the concen- diVI/dt=A=ki[H][VI=k;[VI[Bi] = ke[ VI[P
tration of the radiation centers with an energy+ 0.36 eV —[V]l7y,
on the concentration of Ba) and on the concentration of Pt
(b). An analysis of the results presented in the figure reveals d[1]/dt=N—Kk[I][V]—Kks[I][P—[1]/7,
that the concentration of radiation centers with an energy
E,+0.36 eV decreases as the concentration of platinum at- d[V2+Ci+O1/dt=N—ky[Vo+Ci+ O ][V, +C;
oms Np; increases at a constant concentration of B atoms +0] 7veo
(Ng=const) (Fig. 1b. Nearly the same dependence of the
concentration of these centers on the boron concentratiowherek; denotes the constants of the corresponding reac-
Ng is observed in the case of a constant concentration of theons, and the last terms in the equations of the form
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a 8 b complexes with thendi.e., ks>k,). Upon irradiation, such
Ir complexes dissociate and thereby release additional vacan-
v, 8F 1 4n cies, which participate in quasichemical defect-formation re-
E 7 6k actions. We can then show that
R T _ _ -
Rl *\3\ St [Vo+C+ 0 ]=ky[ CONT{t+Ty(e VTv—1)},
3 ~
51 4r where 1T,=1/Ty+kg[ Pt]. It is clear that
I 1 1 | | 1 1
w0 2 PR 8 1" 0™ Z 4 6 [Vo+Ci+Olpgzo _ Kihm+ko[Bi]+1/7y
NB,Cm—J Npt,cm—s [V2+ Ci+oi][pt]:0 kl)\T|+k2[Bi]+1/’T\/+ kg[Pt]

In other words, regardless of the concentration of B, the for-
mation ofV,+C;+ O; is always suppressed.

b. Similarly, it can be postulated that during the doping
of p-type Si by Pt, its atoms predominantly form complexes
with interstitials, and that these complexes dissociate upon
irradiation, providing additional interstitial atomic states.
[A]/ A specify the probability of the loss of defects of type The latter participate in the quasichemical radiation-induced
A in sinks. The interaction of vacancies with interstitial bo- defect-formation reactions and cause an increase in the effi-
ron B is taken into account here. For the case of silicon notiency of the formation oV,+C;+O;, regardless of the
doped by platinung[Pt]=0), i.e., forp-SiB) and the steady- concentration of B. For this case we have
state condition with respect to(d[1]/dt=0), we obtain [Va+ G+ Oy o

[=A7, [VIO=AT(1-e '), [V>+ G+ O ipuo

where 1T\ =Kk;\ 7, +Kky[B;]+ 1/7y. If it is assumed that the 1+ 7y(ko[ B, ]+ kA 7))
diation-induced/,+ C + O; formed accumulates while un- = ' >1.
radiation-induced/, vt i for umuiates while u 1+ 7{ko[ Bi]+ koA 7 /(1 + k[ Pt] 73)} 1

dergoing virtually no dissociatiofi.e., 7yco— ), we obtain
We note that the results obtained can naturally be ex-

— — 7T

[Va+ G+ O] =k COMTt+Ty(e TV =1)) plained only when this fact is taken into account.

We see, therefore, that the rate of accumulation of and  Thus, in analyzing the radiation-induced, defect-
the stationary value(as t—) of the concentration of formation processes in silicon containing transition elements,
V,+Ci+0; decreases as the concentration ofifreases. particularly Pt, such important factors as the dominant for-
This finding corresponds to experiment. The explanation isnation of Pt 1 during the doping and the active role of the
that site boron (B serves as a sink for the intrinsic intersti- dissociation product of these complexel (n the qua-
tials | that displace Batoms from their sites in the crystal sichemical radiation-induced defect-formation reactions
lattice® which participate in the formation &f+ B; radiation  should be taken into account.
centers. The remaining interstitials displace site oxygen
(Og) and carbon (Q atoms, which participate in the forma-
tion of V,+C;+0O,. The other component of the Frenkel
pair, i..e.., the vacancy, takes part mf';linly in the cgpture of [Sov. Phys. Semicon@2, 9 (1988].
interstitial boron to formV+B; and in the formation of 2y k kwon, T. Ishikawa, and H. Kuwano, J. Appl. Phy&L, 1055(1987).
V,+ C;+ O;. These processes compete with one another, i.e.3M.Yu. Yunusov, A. Akhmadaliev, and S. S. Sabirov, Fiz. Tekh. Polupro-
as the concentration of the originally present B decreases, thg\f/f’d\r/'-zsr ?65(199d5T[S(\e/mi:ﬂoniumotfigvt?“ﬁéligat]- o mourites |
efficiency of the capture of Eby a vacancy decreases, while S'emi'corrgjft\gghe stitute of %ﬁ/sici,“/;rist?@fggz.an mpurities in
the efficiency of the formation d¥,+C;+ O, increases. %in Topics in the Radiation Semiconductor Technoldgy Russian,

Let us now examine the case[#ft|#0, i.e., the samples  Nauka, NovosibirsK1980.
doped with platinum. 5G.D. Watkins,The Lattice Vacancy in Silicon: Deep Centers in Semicon-

a. Let us assume that during the doping of silicon by Pt, ductors Academic Press, New York 986, Ch. 3, p. 147.
its atoms interact predominantly with vacancies and formrranslated by P. Shelnitz

FIG. 1. Dependence of the concentration of radiation ceritessith an
energyE, +0.36 eVl a — on theboron concentratioiNg for p-Si(B,P%) (1)
andp-Si(B) (2), b — on theplatinum concentratiop,.

LA. A. Lebedev and N. A. Sultanov, Fiz. Tekh. Poluprovods,. 16 (1988
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Schottky barrier breakdown in Si stimulated by exciton drift in a nonuniform electric
field at 4.2 K

A. M. Musaev

Kh. I. Amirkhanov Institute of Physics, Dagestan Scientific Center, Russian Academy of Sciences,
367003 Makhachkala, Russia
(Submitted February 6, 1996; accepted October 25, 1996

Fiz. Tekh. Poluprovodr31, 724—727(June 199Y

The results of the experimental discovery and investigation of the mechanism for stimulating the
breakdown of a Schottky barrier in silicon by photoexcitation in a strong electric field at

T=4.2 K are presented. The influence of the photoexcitation intensity and the electric field
strength, as well as the relative time delay between them, on the barrier breakdown

mechanism is investigated. It is shown on the basis of an analysis of the results that Schottky
barrier breakdown is associated with narrowing of the width of the space-charge region

as a result of exciton drift in the nonuniform electric field and the recombination of electrons in
ionized impurity levels of the barrier. @997 American Institute of Physics.
[S1063-78267)02006-1

A reverse-biased Schottky barrier can lose its dielectrieemitting diodes with a quantum energyuzl.SeV>e(S3i.
strength as a result of avalanche breakdown upon impadthe duration of the photoexcitation pulses, which was equal
ionization of the semiconductor or as a result of the tunnelto 40 us, ensured the establishment of a stationary state with
ing of electrons from the metal in a strong electric fielthe  respect to the concentrations of carriers and excitons. Since
mechanisms and conditions for Schottky barrier breakdowihe cross section for the formation of excitons is very large,
depend not only on the composition of the semiconductor, it$he bulk of the nonequilibrium electron-hole pairs are bound
doping, and the methods used to fabricate the barrier, byp excitons atT=4.2 K. The maximum photoexcitation in-
also on external factorétemperature, pressure, magnetictensity corresponded to the generation of electron-hole pairs
fields, etc). In a reverse-biased semiconductor with a lowin a concentration equal te5x 10* cn?. The distribution
impurity concentration the charge carriers are created mainlygf the excitons in the sample was assumed to be uniform,
by the generation of electron-hole pairs in the space-chargsince, because of the large diffusion coefficient, the electron-
region. In this case the fraction of the generation currenhole pairs generated in the thin near-surface layer filled the
becomes decisive at low temperatures, since the thermionisample after a time~10"% s. The photoexcitation pulses
component of the tunneling current decreases. were accompanied by pulses of a constant electric field with

In this paper we present the results of an experimentah duration up to 15Qxs, which were supplied to the sample
study of the mechanism for stimulating Schottky barrierwith a delay of 0-1.0 ms relative to the photoexcitation
breakdown and the appearance of a nonuniform distributiopulses. The pulse repetition rate was 3 Hz, which ensured the
of the current in the electron-hole-plasiiieHP)/exciton sys-  establishment of a temperature of 4.2 K in the sample before
tem in silicon in strong electric fields d=4.2 K. The in-  the beginning of each pulse.
vestigations were performed on samplesebi(P) with an Figure 2 presents oscillograms of the current through the
impurity concentration Np—N,=8x 10" cm™3, which  sample for various delay times between the electric field
were prepared in the form of rectangular parallelepipedgulse and the photoexcitation pulse fd&=const and
measuring 4.8 1.1x 0.8 mm with the[111] crystallographic  |,=const.
direction parallel to the long edge of the sample. The experi- As can be seen from the oscillograms, a conduction cur-
mental setup and the configuration of the electric field andent pulse appears with a certain delay after each electric
the photoexcitation source relative to the crystallographidield pulse is supplied. The delay time of the pulse de-
axes of the sample are shown in Fig. 1. The sample and thereases as the electric field strength is increased. When
photoexcitation source were placed directly in liquid helium+# 0, a characteristic feature of the time dependence of the
to eliminate the incidence of phonon radiation from without.conductivity is the appearance of a single primary current

To create contacts with the Schottky barriers, Au or Snpeak followed by the appearance of one of the following
was deposited on opposite faces measurings0.8 mm by  types of fluctuations: single pulses, relaxational fluctuations,
vacuum sputtering. After the sputtering step, the contactsr random fluctuations. When the photoexcitation and elec-
were subjected to high-temperature treatment in a vacuunric field pulses are supplied simultaneously, there is no de-
for the purpose of improving their electrical properties andlay between the peak and the ensuing fluctuations.
increasing their stability. The technological recommenda- Figure 3 shows the dependence of the breakdown delay
tions presented in Refs. 1 and 2 were observed in fabricatindme 7z on the delay time before the supply of the electric
the contacts. Uniform photoexcitation of the carriers wasfield pulsesrz relative to the photoexcitation pulses for
performed on a 48 1.1 face using pulses from a source of E=const and ,=const.
monochromatic radiation based on GaAs infrared light- Figure 4 shows a typical current-voltage characteristic
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FIG. 1. Experimental setup and crystallographic orientation of the sample: . . . .
1 — sample:2 — photoexcitation sourcéa GaAs light-emitting diode ~ Matic representation of the band diagram of a sample with

3 — load resistance. Schottky barriers when an external electric field is applied
(a), as well as the distribution of the electric field in a
reverse-biased barrier at different times during the applica-

(the current was averaged over the duration of the pulsetion of a field (b).

which was obtained for rectangular pulses with a duration Pairs of carriers generated in the space-charge region

equal to 10us and a delay time before the supply of the separate under the action of the field formed in the barrier by

electric field pulserz=10 us. The threshold breakdown the bending of the bands in the semiconductor. During this

field Eg depends on the photoexcitation intendityand on  process, most of the electrons pass into the bulk of the semi-
the delay timerg of the electric field pulse relative to the conductor as a result of drift and diffusion, and the holes

photoexcitation pulse. The threshold breakdown field in-pass into the metal. In addition, some of the photoexcited
creases as the photoexcitation intensity is lowered and as tledectrons recombine in ionized impurities in the space-charge
delay timerg is increased. Bots-shaped andl-shaped seg- region.

ments of negative differential resistance are observed on the In the bulk of the semiconductor, which is doped by

dynamic current-voltage characteristic. shallow impurities in the concentration rangel%010'°

To account for the experimental results, the physicaktm 2, most of the excitons are bound in isolated impurity

processes taking place in reverse-biased and forward-biasetibms at low temperatures and low photoexcitation levels. A
Schottky barriers must be considered. Figure 5 shows a schdynamic equilibrium is established between the excitons and
free carriers in the first few microseconds after the exciting

pulse: free carriers bind to form excitons, and excitons dis-

a sociate into free carriers. The formation of free carriers is

5 I(t) E(2) governed not only by the dissociation of excitons, but also by

121 7'
|
I
|
|
|

their Auger recombinatiof This equilibrium determines the
standard concentrations of excitond () and free carriers
(ne) at an assigned temperature. The valueNgf and n,
decrease with time as a result of recombination, but the equi-
librium between them is maintained for a long time. Accord-

16.0

0 40 240 | 280 320 360
1-5 1’ t s 1 ) 1 ! | 1
el tp 0 200 . 400 600 800 1000
5 EV/cm

FIG. 2. Oscillograms of the current through the sampleHer800 V/cm, a
photoexcitation intensity,= 0.8 rel. units, delays of the electric field pulse FIG. 4. Current-voltage characteristic of a sampld at4.2 K. HereEg is
relative to the photoexcitation pulsg =10 us (a) and =200 us (b). the threshold breakdown electric field.
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a appearing, for example, as a result of pressure, magnetic
] > fields, and exciton concentration gradients, as well as light
pressure and phonon drag, lead to exciton drift. Being elec-
trically neutral, excitons cannot drift in a uniform electric
field; however, in a nonuniform electric field unequal forces
N g, act on the weakly bound electron and hole, and their result-

et ant force is, therefore, not equal to zero. Excitons are then
K e - subjected to the following force, which tends to move them

into a region with a higher field strength:

%
+
Vi

-

-~
1)

0 z F=e-l.-dE/dx,

wherel is the Bohr radius of the exciton, amE/dx is the
\ electric field gradient.

£\ In silicon excitons are weakly bound and have a large
8790N\)\ spatial expanse. The Bohr radius of an exciton is much
u greater than the interatomic distances and amounts to 49 A.

Exciton drift in the space-charge region followed by re-

\ combination of the electrons in ionized donor impurities is
\ L also supported by the following experimental evidence:
g z, Z, 2 — an increase in the exciton concentration in the base
region of the sample leads to a decrease in the breakdown

FIG. 5. Band diagram of a sample with Schottky barriers in an externalVOItage and the breakdown delay time;

electric field (a) and distribution of the electric field in a reverse-biased = probe mea}suremems performed with weak phqtoexci—
barrier (b): initial moment of application of the fielsolid line), time when  tation of the carriers demonstrate the presence of a high-field
the space-charge region narrows to the critical vétleesshed ling domain on the cathode of the sample'

— measurements of the current with a separated cathode
contact(in samples with a barrier of large ajedemonstrate

ing to experimental data, the lifetime of free excitons in Si isthe nonuniformity of breakdown over the area of the barrier,
~0.2—-60, and that of bound excitons i8300 us*® which is characteristic of microplasma breakdown with lo-

At temperatures sufficient for the thermal generation ofcalization of the current at isolated sites of small cross
carriers with impurity levels, application of a reverse biassection®
leads to changes in the width of the depleted region in the — an experiment with doubled pulses shows that the
barrier, the charge within the space-charge region, and thiereakdown delay timeg decreases as the temperature of the
charge outside that region due to displacement of the freerystal lattice increases.
electrons. At low temperatures an applied reverse bias does The values of the breakdown delay timg correspond
not expand the space-charge region and only alters thi the barrier narrowing times and are governed by the drift
charge state of the barrier. Under the conditions of the phoef the excitons in the space-charge region and their diffusion
toexcitation of electron-hole pairs and the establishment oin the base region. Theg(7g) curve presented qualitatively
dynamic equilibrium between the excitons and free carriergonfirms that a decrease in the exciton concentration in the
in the base region of the sample, the applied electric field ibase region leads to an increase in the barrier narrowing
located in the reverse-biased barrier. The distribution of theime. An increase in the carrier concentration in the space-
field appearing initially when the electric fielgl, is applied charge region as a result of impact ionization leads to redis-
is shown schematically in Fig. Stsolid line). tribution of the voltage between the space-charge region and

The most probable mechanism that accounts for the exhe base of the sample, which, in turn, leads to the impact
perimental results is based on narrowing of the width of thdonization of excitons. Confirmation of the ionization of ex-
reverse-biased space-charge region to a value at which tle#tons in the electric field is provided by the fact that the
electric field is critical for the appearance of interband im-carrier concentration observed upon complete ionization sig-
pact ionization. Figure 5b shows the distribution of the elec-ificantly exceeds the concentration of the impurity centers
tric field when its critical valueEg is achieved due to nar- in the sample. In addition, the concentration of ionized car-
rowing of the space-charge regiofdashed ling The riers depends on the photoexcitation intensity. The carrier
narrowing of the space-charge region is caused by the drift afoncentration was determined using the known values of the
free excitons in the nonuniform field of the barrier followed mobilities of electrons and holes in a weak electric field
by recombination of the electrons in impurity centers in thew,=u,=5X 10° cn?/(V-s) at 4.2 K. The application of an
space-charge region and transport of the free holes to thaectric field up to 1000 V/cm without photoexcitation did
metal. not result in the ionization of shallow impurity centers in the

In a homogeneous semiconductor not subjected to extesample. This is attributed to the large value of the ionization
nal forces the spatial distribution of the excitons is deter-energy of a phosphorus impurity in silicon, which amounts
mined directly by the excitation conditions, diffusion, andto ~39 meV atT=4.2 K. The exciton binding energy deter-
their recombination times. The effects of the external forcesnined from the absorption and emission spectra is located in
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the rangefiwe,=10—14 meV. It is noteworthy that the 1E. H. Roderick,Metal-Semiconductor Contagt€larendon Press, Oxford
threshold field and the sudden increase in concentration chary(1980 [Russ. transl., Radio i Svyaz', Mosca982)].

2V. I. Strikha, E. V. Buzaneva, and |. A. Beievski, Semiconductor De-
gcterlst[c 9f |mpur|ty bre,akdown are not observed upon the vices with a Schottky Barridiin Russiar, Sov. Radio, Moscow1974).
impact ionization of excitons. /

. S ) o ] 3B. M. Ashkinadze and F. K. Sultanov, Pis'ma Ztkdp. Teor. Fiz16, 271
An investigation of the current instability mechanism (1972 [JETP Lett.16, 190(1972].

shows that the mechanism of Schottky barrier breakdown'R. B. Hamond and R. N. Silver, Appl. Phys. Le36, 68 (1980.
which is detected is a source for the appearance of a h|gthW Schmid, Phys. Status Solidi 8, 529 (1977.

nonequilibrium state in an EHP/exciton system in a strong 2 S: Gtibnikov, Fiz. Tekh. Poluprovodri1, 2111 (1977 [Sov. Phys.
electric field, which leads to fluctuations of the EHP density Semicond.11, 1239(1977)]

of the periodic or random type. Translated by P. Shelnitz
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Influence of ytterbium on radiation-induced defect formation in silicon
F. M. Talipov

Tashkent State University, 700095 Tashkent, Uzbekistan
(Submitted May 20, 1996; accepted October 25, 1996
Fiz. Tekh. Poluprovodr81, 728—729(June 199Y

The results of an investigation of the influenceyofrradiation on defect formation in ytterbium-
diffusion-doped silicon are presented. It is shown that the charge-carrier elimination rates

and the charge-carrier lifetime degradation constants in such samples are smaller than in samples
not doped with the impurity. The results obtained are attributed to the formation of

effective sinks for the radiation defects. ®997 American Institute of Physics.
[S1063-78287)02106-9

Radiation-induced defect formation in silicon can be in-investigations of the transient processes occurring when a
fluenced by doping it with rare-earth elements duringsinusoidal signal of large amplitude is passed through the
growth!? However, doping can also be accomplished bysemiconductor structurésRadiation-induced defect forma-
high-temperature diffusio?r.” In contrast with doping during tion was evaluated from the variation of the carrier elimina-
growth, diffusion doping makes it possible to obtain a moretion rate and the charge-carrier lifetime degradation constant.
uniform distribution of the impurity and to regulate its con- The carrier elimination rate during irradiatioi{) was de-
centration. At present, the literature contains practically ndermined from the relation
data on the influence of rare-earth elements introduced into A

. . e o n (ng—n)
silicon by high-temperature diffusion on radiation-induced K,=—= ,

defect formation in it. Such research would be not only of ® ®
scientific interest, but also of definite practical interest due tavheren, is the initial carrier concentratiom is the carrier
the possibility of more precisely regulating and stabilizing concentration following irradiation, and is the irradiation
the properties of silicon and silicon structures doped withdose. The charge-carrier lifetime degradation constknj (
these impurities. For this reason, in the present work we&yas determined from the relatibn
studied the influence of the rare-earth element ytterbium in-
troduced by high-temperature diffusion on radiation-induced :i E_ i)

defect formation in silicon. T @\ 1)

Samples of phosphorus-dopeetype silicon with a re-  \yhere , and r are the lifetimes of the minority charge car-
sistivity po=65—75 1-cm and a lifetime of the minority |iers pefore and after irradiation.
charge carriers;,=60-65 us were used in the investiga- Table | presents the experimental results obtained. It is
tions. The diffusion of ytterbium in silicon was carried out in geen that the values of the charge-carrier elimination rates
the temperature rangg;=1100-1200 °C in special quartz anq charge-carrier lifetime degradation constants are signifi-
c_el!s In an argon at.mosp.here from an ytterbium Iayer. Prétantly smaller in the samples of(Sib) than in the original
liminarily sputtered in @ high vacuum. As a result of diffu- (ytterbium-free samples. It is noteworthy that the radiation-
sion, the resistivity of the samples decrease@de 20-25  jnquced defect formation rate decreases as the ytterbium con-
(2-cm, and the lifetime of the minority charge carriers de-centration increases, i.e., the presence of ytterbium signifi-
creased tarp=45-55 us. Then the samples were irradiated cantly suppresses the rate of the formation and accumulation
by y rays at 70°C in the range of integral fluxds=1  of ragiation defects in silicon. A structural study of the
X 10'°-5x10'® cm2. The variation of the resistivity and present samples on anvEl-100 BR transmission electron
the concentratior_l of the majority charge c_arr@ers were mohi'microscope using the two-step carbon replica technique fol-
tored by measuring the Hall effect. The lifetime of the mi-oed by tungsten oxide contrasting revealed the formation
nority charge carriers was determined from the results ot ytterbium impurity clusters with dimensions no greater
than 0.3um, which are two to three orders of magnitude
smaller than the values observed in the case of doping during
growth! These clusters apparently serve as sinks for the

TABLE |. Characteristics of the samples.

Samples Ty, Por Nos o, K, K., components of the Frenkel pairs formed duringradiation,
°C Q°cm 10%em® ws em'  cenfus'  causing a decrease in the rate of radiation-induced defect

SYb)y 1150 227 3.1 56 1610° 1.4x10°  formation. .

23.0 3 57 1.XK10°° 1.0x10° % We thank M. K. Bakhadyrkhanov for some useful dis-
Si{Yb)y 1200 20.0 3 50 1810° 7.6x10°% cussions.

18.4 3.2 55 1.x10° 7.1x10 %
Original 24.0 2 60 6.810% 3.0x10°%
Si Lyu. A. Karpov, V. V. Petrov, and V. S. Prosolovich, Fiz. Tekh. Polupro-

vodn. 17, 1530(1983 [Sov. Phys. Semicond.7, 974 (1983].

Note: All the samples haah-type conductivity. 2V. A. Zaitov, Yu. M. Dobrovinski, and V. M. Tsmots’, Fiz. Tekh. Polu-
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provodn.21, 2082(1987 [Sov. Phys. Semicon@1, 1262(1987]. 5D. E. Nazyrov, G. S. Kulikov, and R. Sh. Malkovich, Fiz. Tekh. Polupro-
3D. E. Nazyrov, V. P. Usacheva, G. S. Kulikov, and R. Sh. Malkovich, vodn. 25, 1653(1991) [Sov. Phys. Semicon®5, 997 (1991)].

Pis’'ma Zh. Tekh. Fiz14, 1102(1988 [JETP Lett.14, 1102(1988)]. 6S. M. Gorodetskiand M. A. Litovski, Fiz. Tekh. Poluprovodr23, 580
“M. K. Bakhadyrkhanov, F. M. Talipov, N. V. Sultanova, U. S. Dzhura- (1989.

bekov, Sh. Sh. Shasaidov, A. S. Lyutovich, and A. A. Kasymov, lzv.

Akad. Nauk SSSR., Neorg. Mate26, 458 (1990. Translated by P. Shelnitz
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Photoluminescence of SiO , layers implanted with Si *

regime

G. A. Kachurin, I. E. Tyschenko, K. S. Zhuravlev, N. A. Pazdnikov, V. A. Volodin,
A. K. Gutakovskil, and A. F. Leler

ions and annealed in a pulsed

Institute of Semiconductor Physics, Russian Academy of Sciences, Siberian Branch,
630090 Novosibirsk, Russia

W. Skorupa and R. A. Yankov

Rossendorf Research Center, D-01314 Dresden, Germany
(Submitted May 25, 1996; accepted for publication October 25, 1996
Fiz. Tekh. Poluprovodr3l, 730—734(June 199y

SiO, layers thermally grown on Si are implanted with* Sons at energies of 100 and 200 keV

in a dose equal te- 10" cm™2. Two types of pulsed anneals are employed: at 900—1200 °C

for 1 s and at 1050-1350 °C for 20 ms. Photoluminescence is observed in the visible and near-
infrared regions of the spectrum after implantation. In the initial annealing stages the
photoluminescence intensity drops, but after an anneal at 1200r°Cdor at1350 °C for 20

ms, it increases sharply by tens of times. According to the data from Raman spectroscopy

and high-resolution electron microscopy, this corresponds to the formation of Si nanocrystals in
SiO,. The anneal times employed rule out the diffusion-controlled growth of Si

nanocrystals, but they could form as a result of the solid-phase crystallization of amorphous
inclusions. The correlation between the sharp enhancement of the luminescence and the formation
of Si nanocrystals attests to a quantum-size mechanism for its appearand®97©

American Institute of Physic§S1063-7827)02206-F

Silicon, the main material for microelectronics at presenttheir intensity, relaxation times, and excitation conditions.
and in the foreseeable future, is sparingly used in optoelecAll this suggests that the nature of the centers and the mecha-
tronics. The reason for this is the low probability of radiative nism for visible luminescence in silicon nanostructures can
recombination due to the mismatch of the absolute extremsary. To determine them, the relationships between the
of the band structure itk space. The discovery of intense atomic processes in the layers investigated and the lumines-
visible luminescence in porous Si, which has been attributedence parameters must be revealed. Pulsed anneals make it
to quantum-size effects in silicon nanocrystals, opened upossible to monitor such processes with great precision;
the way to the possible integration of electrical and opticatherefore, they were employed in the present work to achieve
silicon devices in instruments that process optical informaa better understanding of the reasons for the appearance of
tion. The practical and scientific interest in Si nanocrystalduminescence in silicon nanostructures.
prompted a deluge of research aimed at the development of
methods for producing them and at the study of their prop-
erties. Visible photoluminescence was observed in sample
obtained by the oxidation of microcrystalline or amorphous  SjO, layers of thickness 500 nm were thermally grown
Si,'* the partial crystallization of amorphous ‘Sthe pre-  on S{100). The layers were implanted with Sions at two
cipitation of excess silicon in oxidés/ the sputtering of Si energies, viz., 200 keV in a410*" cm™? dose and then 100
layers in various medidand spark processingSpecial ef-  keV in a 6x 10 cm~2 dose, with target temperatures from
forts were concentrated on obtaining Si nanocrystals using-60 to —20 °C. This provided a resultant concentration of
ion implantation, which is regarded as the cleanest and mosgixcess Si of about7 10°* cm™2 at depths from 100 to 300
controllable method®-1% nm. Control samples, in which the doses at the same energies

Despite such a great amount of research, the mechanismere reduced by factors of 2.5 and 10, were also used. Two
underlying the appearance of the visible luminescence is stilypes of pulsed anneals were employed: with a duration of
incompletely clear even for porous silicon, which has beerl s at 906-1200 °C in an argon atmosphere and with a du-
studied for a long timé® Along with the interpretation ration of 20 ms at 1050—1350 °@with a constant 600 °C
within the quantum-size formalism, explanations based omomponentin a N, atmosphere. After this treatment, the
the possible formation of chemical compounds, structurasamples were held in a forming gas at 400 ° C for 30 min.
imperfections, phase boundaries, etc. have been advahced. Photoluminescence was excited at 300 and 78 K by the
The interpretative difficulties are due to the fact that differentoutput from an Ar laser with a wavelength=488 nm and a
investigators observed the luminescence peaks in very diffepower of about 20 mW and was recorded by a cooled pho-
ent portions of the spectrum from the ultraviolet to the infra-tomultiplier in the photon-counting mode. The spectra pre-
red (IR) region, depending on the experimental conditions.sented in this paper were normalized to the sensitivity of the
The peaks also differed from one another with respect tanstrumentation. The Raman scattering at 300 K was studied

XPERIMENTAL METHOD
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. FIG. 2. Room+(2, 4, 5) and nitrogen-temperatufg, 3) photoluminescence
FIG. 1. Room-temperature photolummesce_nce of samples b@b& and f samples after anneals with a duration of 1 s. Anneal temperature3, °C:
after(1, 3, 4) pulsed anneals for an anneal time of 20 ms and various anneaj — 900'5 — 1050: 1. 2 — 1200
temperatures, °C3 — 1050,4 — 1200,1 — 1350;5 — the implantation ' " '
dose of the Si ions was reduced by an order of magnitude.

threshold indicated above was surpassed. Figure 2 presents
in a quasi-inverse recording geometry using k€488 nm  the spectra recorded at 78 K in addition to the luminescence
line of an Ar laser, a double-beam spectrometer, and a coolespectra at room temperature. Cooling the samples enhances
multiplier in the photon-counting mode. Electron- the luminescence by several fold over the entire spectral
microscopic investigations were performed using a JEM+ange investigated. The additional increase in the lumines-
4000 EX high-resolution microscope. To reach the depth incence intensity seen in Fig. 2 at 600 nm is probably attribut-
teresting us, the top-most 100 nm of Si®ere removed ina able to scattering of the exciting laser radiation in the cry-
1:8 solution of HFH,0, and then the samples were used onostat.
the rear side for chemical jet etching. The Raman scattering data are presented in Fig. 3. The

strong peak at 520 cnt corresponds to scattering on long-

wavelength longitudinal-optical phonons in single-crystal
EXPERIMENTAL RESULTS silicon and is produced by the substrate. Apart from the peak

The unirradiated Si@films did not exhibit photolumi- at 520 cm'%, unimplanted Si@layers displayed only a band

nescence in the wavelength range550— 1000 nm. After at 430 cm , which is caused by the Si—O bonds. After the
Si* ions were implanted, luminescence appeared at roorimplantation of St ions, clearly expressed scattering ap-
temperature over the entire range investigated even befopeared near 480 cm, which corresponds to the Si—Si
the pulsed anneal$ig. 1). Weakly expressed maxima were bonds in amorphous silicofFig. 3, curve3). A control
observed near 650 and 850 nm. The pre-anneal luminescensample, for which the implantation dose was reduced by a
vanished almost completely when the dose of Bins was factor of 2.5, did not exhibit such a pronounced peak, but
lowered by an order of magnitudEig. 1). Pulsed anneals up additional scattering was noticeable at 450090 cni ! (Fig.
to certain temperatures led to weakening of the photolumi3, curve?2). Pulsed anneals at 1200 °Crfb s and 1350 °C
nescence at all wavelengttiSigs. 1 and 2 These threshold for 20 ms led to weakening of the scattering at 480 érand
temperatures were 1200 and 1050 °C for anneal times equt the simultaneous appearance of a band near-520
to 20 ms and 1 s, respectively. Raising the temperature onlgm™ !, which could be caused by the formation of silicon
150 °C above these levels led to an extremely sharp increas@nocrystals.
in the luminescence intensit§igs. 1 and 2 The maximum Figure 4 presents the high-resolution electron-
at 830- 850 nm was dominant. The visible light with shorter microscopic image of a portion of a sample after an anneal at
wavelengths was maintained, but its intensity continued td.350 °C over the course of 20 s and the microdiffraction
decrease with increasing anneal temperature even after tipattern of the same portion. The diffraction pattern is char-
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for the implantation of Si ions in SiQ is achieved, photo-
luminescence appears in the visible and infrared regions of
the spectrum with two weakly expressed peaks already be-
fore the pulsed anneals. As the temperature of the subsequent
pulsed anneals is increased, the luminescence intensity at
first decreases slowly, but then it increases sharply in a nar-
row temperature range, and a pronounced maximum appears
near 8306- 850 nm.

We assume that the luminescence observed before the
pulsed anneals is associated with the formation of regions
with a Si excess up to the formation of inclusions of amor-
phous silicon. It follows from our results that high concen-
trations of excess Si, rather than Si@efects, are needed for
the appearance of the luminescence. Lowering the dose of
Si* ions by an order of magnitude led to the almost complete
disappearance of the luminesceri€ég. 1); however, even
such diminished doses are sufficient for the repeated dis-
placement of each atom in the layer investigated. In addition,
the appearance of the luminescence correlates with the for-
mation of a band at 480 cnit in the Raman spectra, which is
characteristic of amorphous silicdrig. 3). This band prac-
tically disappears in response to a relatively small decrease
in the dose(Fig. 3. Finally, pre-anneal luminescence was
previously noted in Si@subjected to implantation by large
doses of Si in Refs. 13 and 14. In particular, it was pointed
out in Ref. 11 that the replacement of *Sions by Ar",

B", or Al* ions leads to the disappearance of the lumines-

I 1 | I 1 . .
550 -520 490 460 430 400 cence in SIQ. _ _ o
Wavenumber, cm™! The abrupt increase in the photoluminescence intensity
? when a certain pulsed anneal temperature is reached is natu-
FIG. 3. Raman spectra from samplés:— unimplanted layer of SiQ 2 — rally attributed to the formation of Si nanocrystals. This is

implantation of 40% of the total dose of 'Si3 — implantation of the total  jndicated by the disappearance of the band at 480%cim
iggg ooésfg’réo_ masﬁer an anneal at 1200 °C for 15— after an anneal at - the Raman spectrum, which is characteristic of amorphous
' Si, and the appearance of additional scattering near the peak
o at 520 cm' 1, which is characteristic of single-crystal @iig.

acteristic of a polycrystal and attests to the presence of 8). The observed red shift relative to 520 ¢his a conse-
large number of silicon crystallites that are misoriented relaguence of a size effect and can be utilized to estimate the
tive to one anothetthe point reflections are from the sub- dimensions of the crystallites. Such estimates give a mean
stratg. It is seen from the eIect.ron-m|croscop|c image thatyalue of about 3 nm. This value agrees well with the high-
there are at least two phases, viz., an amorphous matrix cofesolution electron- microscopic data, which directly confirm
taining crystalline inclusions measuring 2—6 nm. In Mostihe formation of silicon nanocrystalig. 4).
cases the interplanar distances in the crystals are close to sjlicon nanocrystals can form either as a result of the
0.314 nm, i.e., the distance between {fi¢1; planes in Si. ijffusional transport of Si atoms to nuclei when a supersatu-
The total area of the crystallites occupies about 30% of theated solid solution dissociates or as a result of crystallization
observation field, although there are regions where there argr ihe amorphous inclusions already present. The pulsed an-
fewer crystallites. Microscopy of a transverse cut surfaceyeals with durations fol s and 20 ms that we employed
provides approximately the same results; therefore, it can bgsstricted the possibilities of the diffusion-controlled growth
concluded that the nanocrystallites have comparable dimeny s; crystals. According to Ref. 17, in the temperature range
slons in all directions. Even after pulsed annealing at th‘?_nteresting us from 1100 to 1300 °C the diffusivity of Si in
highest temperature used, structural defects are observed 410, equals 10— 10715 cn/s. In the case of the 20-ms
the nanocrystals. If no crystallization had taken place, ”_“'regime the diffusion length is less than 0.05 nm, which is
croscopy would have revealed only darker regions measuringy|y insufficient for the formation of the experimentally
2—10 nm and differing in contrast from the amorphous ma-gpserved Si crystals. On the other hand, in the same 20-ms
trix. In this case the diffraction pattern would be typical of regime the solid-phase crystallization of amorphous
the amorphous substance. nanometer-scale inclusions requires rates equaktb0
nm/s, which are achieved in pure silicon already-a00 °C,
and durirg 1 s a Skcrystal grows by 3 ns at550 °C8 Thus,

The most important experimental results can be formuthe rates of solid-phase growth are fully adequate for the
lated concisely in the following manner. When a certain dosdormation of nanocrystals from amorphous inclusions, but

DISCUSSION OF RESULTS
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FIG. 4. High-resolution electron-microscopic image and microdiffraction pattern after the annealing of implantdéay8i® at 1350 °C for 20 ms.

we should ask why crystallization was still observed at farthe nanocrystals form, its proposed quantum-size origin must
higher temperatures. According to the data in Refs. 17 antle verified. Its intensity is small and rapidly subsides upon
19, the crystallization of Si is slowed significantly in SIO moderate heating. Since the band width in Si€n vary
films with a 10—20% silicon excess relative to the composifrom ~9 eV forx=2 to 1.1 eV forx=0, we can imagine
tion of Si0,, although separation into the oxide and inclu- the existence, in principle, of centers which provide for re-
sions of amorphous silicon occurred even before annealing:ombination with radiation in the visible and near-IR re-
For example, anneals at 700 °C for 72 h or at 800 °C for 18jions. Nevertheless, the luminescence is clearly associated
h were found to be insufficient for crystallizatidhAfter an  with the depositions of excess silicon.
anneal at 900 °C for 30 min, the Raman spectrum revealed
the presence of amorpho480 cni!) and crystalline Si
(520 cm 1).2° Only anneals at 1100 °C for 15—30 min led to
complete crystallization of the Si inclusiohs!® The reason The implantation of Si ions with energies ranging from
apparently lies in the high oxygen content, which is known100 to 200 keV in doses at the ¥@m™ 2 level in Si0, leads
to slow the solid-phase crystallization of silic6hMicros-  to the appearance of visible and IR photoluminescence. The
copy shows that the nanocrystals formed contain twinRaman spectra simultaneously display a band at 480'¢m
boundaries or other defect§ig. 4), and the striking en- which is characteristic of Si—Si bonds in amorphous silicon.
hancement of the luminescence observed when the sampl8sibsequent pulsed anneals with durations equals and 20
are cooled to 78 K, which is almost uniform over the entirems as the temperature is raised to 1050 and 1200 °C, respec-
spectrum, points to the presence of channels for nonradiativiévely, lower the luminescence intensity. However, tempera-
recombination even after high-temperature anneals. tures above these values result in sharp, manyfold enhance-
The correlation between the formation of silicon nanoc-ment of the Iluminescence. The data from electron
rystals and the sharp increadens of timegin the lumines- microscopy and Raman scattering attest to the formation of
cence intensity is a weighty argument in favor of the Sinanocrystals. The brevity of the anneals ruled out the pos-
guantum-size origin of the visible and IR radiation in the sibility of the growth of nanocrystals according to a mecha-
present case. This does not necessarily mean direct electromism involving the diffusive transport of Si atoms to nuclei,
hole recombination, and many researchers have pointed obut fully permitted the solid-phase crystallization of
the important role of centers near the Si—$iO nanometer-scale amorphous silicon inclusions formed as a
boundary>!1=1316As for the luminescence observed beforeresult of implantation. The sharp manyfold enhancement of

CONCLUSIONS
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Quantum efficiency of Schottky photodiodes near the long-wavelength edge
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The spectral dependence of the photoemission of hot electrons across a metal silicide-silicon
Schottky barrier at photon energies comparable to the barrier height is investigated. An expression
for the spectral dependence of the photoemission quantum efficiency is obtained in the

diffusion approximation using the Green’s function formalism for different values of the ratio
between the layer thicknesd)(and the elasticl(,) and inelastic ) mean free paths

for hot electrons. A strong influence of the valuelqf/d on the increase in amplitude and the

form of the spectral dependence of the quantum efficiency, which deviates significantly

from the Fowler dependence at increased quantum efficiencies, has been observed. Satisfactory
agreement between the theoretical and experimental spectral dependences of the quantum
efficiency is demonstrated for the silicides of Pt, Co, and Ge, making it possible to experimentally
evaluatelL . and to optimize the technology for fabricating Schottky barriers for infrared

detectors in some cases. The reasons for the anomalously sharp increase in the photoemission of
hot electrons with increasing energy of the exciting quantum at energies close to the

potential energy of the Schottky barrier are discussed.1997 American Institute of Physics.
[S1063-78267)02306-3

1. INTRODUCTION (hv— )2
2

A significant increase in the external quantum efficiency

of metal silicide-silicon Schottky photodiodes in the infrared , . : - .

(IR) portion of the spectrum was observed in a number onF |s.th.e Fowler.|r.1ternal.quantum efficienay, is thg pho-
studied~5 when the thickness of the silicide was reduced tol0€"SSIon co_efﬂme_nhv is the phaton energy, ang, is the
tens of angstroms. This phenomenon, which is called “hot-SChOttky barrier height. . _ .
electron resonance,” was not exhaustively explained from It follows from R_Gfs' 9—7 that in the most mtere;tlng
the standpoint of Fowler’s thedhand was subsequently in- case of largeY; the limit Y;—cc, rather than the physical
vestigated in several theoretical and experimental stidies. lirmit

It was established that the form of the spectral dependence of hy—

the internal quantum efficiencyY() at quantum energies Y= (PO, 3
close to the Schottky barrier height differs appreciably from hv

the Fowler dependence. The physical parameters determin-

ing Y;, its possible limit, and the form of the spectral depen-'ti ob;amed qun the I'm't'hng _tra??u((j)heT?o Otrhdljol id
dence are still a subject of investigation. erefore, such an approach is justified only for thick silicide

The models of the photoemission of hot electr@msles I,\:;I\yers, whedresqot—elt;qctroln rle ?oggncgtr:s ;;veakly e>f<pressed.
across a Schottky barrfef assume that the single- ooney and silvermancaicuiatedy; with aflowance for a

transmission probability of a Schottky barrier can be deJarge number of collisions of the hot electrons in the silicide

scribed on the basis of the ballistic motion of hot electrons inla%.erh Accr:J rd||.ng. to the'L regsul;tj, Whehe_);: ’rJi_E)YT’
the metal silicide layer, and that electrons reflected from Ict |s|t $ |mo|ct ?J'ven y(@3). pwe\ller,_tvy end— ,da?h t
Schottky barrier pass into the bulk of the silicide and do notoreVIOUsly, Yj—ce. HEre, as previously, 1t IS assume a

participate in photoemission. These assumptions lead to atne single-transmission probability of a Schottky barrier is

expression for the quantum efficiency in the form of Fowl- V€N in the form(2). Actually, Y. is the emissipn_ probabil-
er’'s formula multiplied by a correction factor, which takes ity averaged over the electron energy, afjixhibits a non-

into account the enhancement of the photoemission, linear dependenc_e on the §|nglg—transm|s§|qn probab|I|t3_/ of
the Schottky barrier. This situation makes it incorrect to in-

terchange the procedure for averaging over the energy with
Yi=YeG(d,Le,Lp, YE), D the procedure for calculating the transmission probability of
an electron with a fixed energy across a Schottky barrier.
whered is the thickness of the metal silicide layér, is the  This point was disregarded in Ref. 8. The correct approach is
hot-electron inelastic mean free patly, is the hot-electron to first calculate the probability for the emission of a hot
elastic mean free path, electron with a given energl, with allowance for all the
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possible collisions, under the assumption that the single- 1 (Eg+hv
transmission probability(E) is given, as in Ref. 8, by the Yi:<Yi(E)>Emf Yi(E)dE. 9
expression B
E—Er— gy The system of equa}tior(§)—(7_) for the stationary case
p(E)= ————, (4) can be solved analytically using the Green’s function
4Er formalism2° For the case of the uniform absorption of radia-
whereEg is the Fermi energy in the metal silicide. tion in the silicide film, i.e., forad<1 (« is the radiation
The averaging over the energy is performed in the finapbsorption coefficientthe expression for;(E) has a simple
step in the rang&<E<Eg+hv. form,
The possible collisions are taken into account on the L* d D -1
basis of a description of the motion of the hot electrons inthe  Y;(E)= i cothL—*+ m} , (10

diffusion approximation. Such an approach is possible be-
cause of the small value ofr and, consequently, the large whereL* = VLpL /3.

number of electron collisions taking place at the boundaries  Averaging of(10) over the energy according (8), we
of the silicide film (which is of orderL/d) and within it  finally obtain

(which is of orderL./L,). The general scheme for calculat-

ing Y; on the basis of the arguments presented above and Y~=£ tan%{i)(hv_hvo— ﬁ, /i tan}‘( d )
3Le

some individual consequences were briefly discussed in Ref. ' d L* hv hv L*

9. In this paper we analyze the results of a calculation of the

spectral dependence of the internal quantum efficiency of xInl 1+ Mw /%cot%i)ﬂ. (11)

Schottky photodiodes on the basis of the diffusion model and AEr Lp L*

we also compare these results with experiment. Before averaging over the energl,0) coincides with the
analogous expression presented in Ref. 6. This serves as ad-

2. MODEL AND CALCULATION RESULTS ditional confirmation of the applicability of the diffusion

We assume thdt.>L , and restrict the discussion to the mod: I;glézfagg?]blﬁ? T:iersgﬁgftf erbaatllrcr)ir;r with platinum
case in which an increase in the quantum efficiency is ob- : y b

seied, e e cade . We o asume hl e poto- 1045 1 12 195 o e iy e vas s
emission of hot electrons takes pla@e the case of the pho- T 9 9

toemission of holes, only replacement of the correspondin@{):ﬁéuhi,?lez(auZgg:]CeofﬁlnCtt'ﬁzwgiamteg:;iiceo? 'tr;:g tl?eht-
signs is necessaryLet n(r,t) be the number density of the y €d ' y“ N PP e 9

: ) : . generated hot holes by “cooling” or emission across the
hot electrons with a certain enerdy at the timet in the

vicinity of the pointr(x,y,z). The surface of the silicide film barrier was considered. The solution f(E) was obtained

lies in thex,y plane, and the thickness is measured from theonIy in the form of a series of products of several functions

surface g=0) to the Schottky barrierz=d). We write the containing integrals over the thickness of the silicide. The
continuity equation in the for)r/n | complicated form of the expression obtained makes it diffi-

cult to compare it directly witi10) and the data from other
an_ N studies. However, for the very simple case of a Schottky
ot T—e+DAn+ f(r., ) parrier with a low transmission probability or weak elastic

_ . e , scattering after averaging over the energy, the expression for
whereD =L ,v /3 is the diffusivity of the hot electrons, is Y, gives the correct limiting transitionY(—Y-) for both

the velocity of the electrons on the Fermi surface, an .— andd—0, as well as correspondence to the experi-
Te=Le/vq is the lifetime of the hot electrons before colliding mental data for a PtSi/Si Schottky barrier ang=4000 A

witthoIdfeIectrpns. d h ber of hot el Let us consider the limiting cases of Hd.1).
eref(r,t) is construed as the number of hot electrons a) WhenL ,— or d—0, Y;— Y- i.e. the probability of

with the energyE generated at the timein the vicinity of photoemission approaches the theoretical limit.

the pointr. We write the boundary conditions fg5) in the b) WhenL,—0 or L,—0, Y;—0; i.e., the probability
P e 1 | y 1y
form for the photoemission in a layer with very strong scattering is
anl9z=0, z=0, (6) small.
D(dn/dz)=nvep(E)=0, z=d. (7) ¢) For moderately thin silicide layers with

_ B _ (LeLp/3)2<d<1/a, Y;—(Le/d)YE; i.e., the spectral de-
The internal quantum efficiency for electrons with an energypendence off; maintains the Fowler form, and the absolute

Eis value ofY; increases by a factor af,/d. In this approxima-
—Df(dnl9z),-4dS tion the result coincides with the_ .data in Ref. 5.
Y,(E)= T 0d , (8) Figures 1 and 2 present families of spectral curves of the
Jvi(r.dy internal quantum efficiency inihv) 2= f(hv) coordinates,
where S is the area of the Schottky barrier, aMlis the  which are usually used to describe Schottky photodetectors.
volume of the metal silicide film The curves approach the linear Fowler dependence only at
Averaging(8) over the energy gives the solution of the small values oL or large values ofl. AsY; increases and
problem for the quantum efficiency: approache¥;, the curves deviate significantly from a linear
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FIG. 1. Probability of the photoemission of hot electrons across Schottky

barriers as a function of the energy of the absorbed photons for differenEIG'. 2. Probafb|||t{' of thfetr;])hotoemissi?r:hof hl?t el:Céron tacrosfs qu?fottkyt
values of the inelastic collision lengths , A: 2 — 2500,3 — 2000,4 — arriers as a function of the energy of the absorbed photons for diteren

. S lues of the thickness of the metal silicideA: 2 — 5,3 — 10,4 — 20

1500,5 — 1000,6 — 500; 1 — the theoretical limitLo—. L,=70 A, & TG ' '

E50:05 eV dgolcz),e& 500 ¢ theoretical fimitlg—e. L,=70 A, 5 — 50,6 — 100, 7 — 200; 1 — the theoretical limitd—0. L,=70 A,
F ' ) Er=5 eV, L,=1000 A.

dependence, especially at small valuehof- ¢,. In addi-
tion, Figs. 1 and 2 illustrate the strong dependenc¥;adn Figure 3 presents experimental plots of the dependence
L. andd. There is also a dependence Bp (a decrease in of the internal quantum efficiency itv(hv)Y2 = f(hv— @)
Er from 5 to 1 eV increase¥; by about four fold. The coordinates on a log—log scale for various metal
influence ofL, as it varies in the range 5-1000 A is weakly silicides*****and germanium silicid&’ For the theoretical
displayed. limit we have a straight line with a slope equal to 1/2 in
In developing devices with Schottky photodiodes thereaccordance with{3). All the other curves lie below the the-
is interest not only inY;, but also in the external quantum oretical limit and have a variable slope. A slope equal to
efficiency (Y, i.e., the ratio of the number of photoelec- unity, which reflects the Fowler form of the spectral depen-
trons (or photoholeps emitted to the number of photons im- dence of the quantum efficiency, is obtained in a certain
pinging on the photodiode. The usual goal is to maximize thepproximation only in the range 0.8hv— ¢y)<0.2 eV
average external quantum efficiency for an assigned speder metal silicides. The curve for germanium silicide is clos-

trum est to the theoretical limit and has a slope close to unity at
" values of hv—¢q ranging from 0.02 to 0.06 eV. When

Y_exzf Yi(hv)You(hv)R(hp, T)d(hv), (12) hv—¢,=0.1 eV, nearly all the curves tend to a slope equal
0 to 1/2, which is characteristic oft(hv— ¢g). When photons

where Y, is the probability of photon absorption, which W'trlzan energy not ”‘}JZCh greater than the barrier height
takes into account the absorption in the silicide and the acdt10 “<hv—¢,=<6x10"< eV) are absorbed in a Schottky

tion of the optical trap, andR(hv,T) is the normalized barrier, the slope of the plots becomes significantly greater
Planck radiation function of the object being recorded at théhan unity, and the dependence for platinum silicide is nearly

temperatureT (this function can be assigned for a selective®Xponential. Such behavior of the internal quantum effi-
emitten. ciency does not follow front11) or from the results of other

Without going into the procedure for optimizing.2) studies> % There are several possible reasons for the rapid

here, we note that it permits determination of the thickness oficrease in the internal quantum efficiency with increasing
the metal silicide film, the value df,, and the parameters of Nv at small values ofv— ¢o.

the optical trap that provide for the maximum values, First, as the energy of the hot electrons increases, the
for a concrete form of the functioR(h»,T). Knowledge of  Probability of tunneling through the barrier increases, since
this quantity makes it possible to quickly estimate the num{he thickness of the barrier decreases with increasing energy.
ber of electrons in the signal accumulated in the potentialf the barrier has a triangular shape, its thickness decreases
well of the Schottky barrier and to calculate the signal-to-linearly ashv increases. This leads to an exponential depen-
noise ratio of the photodetector. The results of the calculadence of the barrier transmission probability on the energy of

tion of Y, for several types of optical traps were presentedhe hot electrons. _ _
in Ref. 9. Second, whefT # 0, there is nonzero population of the

energy levels in the silicide with energies above the Fermi

level. The energy range of this “tail” extends fronkZ to

3kT, and the number of electrons with a given energy drops

exponentially with increasing energy. If it is assumed that
The curves in Figs. 1 and 2 constructed on the basis athe cross section for the capture of photons by electrons does

Eq. (11) point out the absence of a linear dependence ofot depend on the electron energy, an increasevimill be

(Yihv)Y? on hv at small values ohv— ¢q. accompanied by an exponential increase in the number of

3. COMPARISON WITH EXPERIMENT AND DISCUSSION OF
RESULTS
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electrons with energies exceeding the barrier height and,
therefore, a rapid increase Iy . This increase will occur 1.000
until the energies of the absorbed photons increase so much
that hot electrons begin to be generated from the Fermi level.

The character of the plots shown in Fig. 3 for PtSi/Si and
Sip /5 4Si at small values ohv— ¢, can be qualitatively
explained on the basis of a second mechanism of injection = 4109
across the Schottky barrier. However, the data on Co&i- <
not be explained on this basis.

As was noted above, in the case of a not excessively thin
silicide layer, for which

(LoLe/3)2<d<1/e, 13) 0.010

the plot of (Y;hv)Y?=f(hv—¢,) has a region of linearity,
whereY;— L Yg/d. In this region, knowingl, we can esti-
mate L., i.e., the main parameter which provides for an
increase in the quantum efficiency of Schottky barriers.

T

2

(Y; hy)"?,

L 1
0.01 002 0.05 0.10 0.20
When d=30-40 A, the right-hand side of the inequality (Ry=9,), eV
(13) holds only for smallL, and not very largeL.,
L.<1C® A. Assuming that these conditions are satisfied for

0.001 y

FIG. 3. Spectral dependences of the quantum efficiency of Schottky photo-
diodes formed by various silicide® — Siy /Ge #Si; 3 — PtSi/Si¥®4 —

our PtSi/Si Schottky barriers, we obtain CoSh; 5 — PtSi/Si®1 — theoretical limit.
L.=8C,Egd, (14
where C, is the experimental value of the photoemission
coefficient. difference between the photon energy and the Schottky bar-

In the PtSi/Si Schottky barriers that we fabricatedrier height hv— ¢,) obtained is observed for the experimen-
d=40 A, andC,=0.3 eV 1. AssumingEr=8.5eV, we ob- tal PtSi, CoSj, and GeSi Schottky barriers when
tain L,=800 A. Such a value df, is five times lower than hv—¢,>kT. Whenhv— ¢o=kT, the experimental results
the value given in Ref. 13 for the PtSi/Si Schottky barriersshow a rapidin some cases, nearly exponentiaicrease in
investigated in Ref. 15. This finding is possibly due to thethe quantum efficiency with increasiriy, which does not
poorer degree of cleanness of the silicon surface before thellow directly from the model considered and is possibly
creation of the Schottky barriers in our structutasd, thus, due to the need to take into account the thermal spread of the
the somewhat smaller internal quantum efficiency electron concentration near the Fermi level in the silicide

layer.

4. CONCLUSIONS
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The photoconductivity of Cd Hg;_,Te (x=0.2—0.3) with an aluminum
thin-film coating
E. Yu. Salaev, E. K. Guseinov, and N. D. Ismailov
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The results of an experimental investigation of the photoconductivity-@nd p-Cd,Hg, _,Te

X (x=0.2—0.3) deposited on the surface of aluminum thin films are presented. The results
obtained are analyzed with allowance for the influence of the surface space-charge region and
the recombination process in it. The values of the rate of surface recombination and the

surface mobility of the charge carriers are determined from measurements of the photoconductivity
and the barrier photocurrent. @397 American Institute of Physid§1063-78207)02406-X]

1. INTRODUCTION etching in a 4% bromine-containing etchant. Ohmic contacts
were created on each plate by the electrochemical deposition

due to their widespread use in optoelectronics has stimulate m:r'g”(;'eAl,iTgéuLn f;m?n\:veitlh ?Clckrrlﬁsese; g:)ar?.olno.;o;gos_
comprehensive investigations of their physical properties, in- W posi y vacuum evaporation | y

cluding their microscopic properties. The study of thesetem with a turbomolecular pumping system. The thickness of

properties and an ability to regulate the surface parametetI ne alrl:]rinlrnum fllmbwz?ns mor;::}oreig ursnlntg Iﬁ; ,t\i/”lr;4 r|1nterf|er—
are essential for creating photodetectors with superb photoe- Cc€ microscope by measuring the metafization on a giassy

electric parameters. Surface-controlled photodetectors ha\PeIate located closer to the evaporation source than the

an increased photosensitivity, a lower noise level, and ample. When aluminum was sputtered, the ohmic contacts

smaller recombination surface than do ordinary photodetecQn the sample were covered by a special mask, which pro-

tors, which influence the characteristics of the devicgke vided a gap with a width of about 10Am between the

surface doping of CgHg, _,Te with Ag and Au from neutral ohm|c contactg and the aluminum ga.te. To fqrm a contgct
with the semitransparent gate, a silver strip measuring

solutions, which is one of the methods for regulating the50>< 300 wm? ttered at the t ter of th

surface staté,causes a drop in the photosensitivity in the mol K rr:j Wats Slp \lIJVirere r?n v(\j ranrsversde Cenir?rt?t Tﬁ

short-wavelength region of the spectrum of,8d;_,Te, samp'e, and a stee € spring was pressed against 1. 1he
Qwagnltude of the surface band bending was determined from

which is associated with an increase in the rate of surfacm rements of the photoelectromotive fordé rrent
recombination. At the same time, an investigation of the pho- easurements of the photoeiectromotive € curre

toconductivity of CgHg, _,Te after various metals are de- voltage characteristics were measured at a frequency of 50

posited on CgHg, . Te single crystals by thermal vacuum Hz, and the capacitance-voltage characteristics determined

evaporation showed that the drop in photosensitivity in theby the resonance method were measured at the frequencies in

short-wavelength region of the spectrum is caused not onl{'® range 0.1-3 MHz. The remaining details of the experi-
by an increase in surface recombination, but also, to a corl! ental procedure were described in Refs. 4 and 5. All the
siderable degree, by a decrease in the surface mobility of th@easurements were performed at 77 K.

charge carriers. Aluminum stands out among the series of

metals used, since a considerable increase in the photosengi-RESULTS AND DISCUSSION

tivity in the short-wavelength region of the spectrum is ob- . -
served when it is deposited on a Bt ,Te surface. The experiments reveal that after deposition of the alu-

In this paper we present the results of a comprehensivBinum films on the surfaces of- andp-Cd,Hg, - Te there
study of the photoconductivity of GHg, Te &€ significant changes in the spectral characteristics and re-

(x=0.2—-0.3) single crystals when aluminum thin films are laxation kinetics of the photoconductivity. In comparison to

deposited on a chemically etched surface by thermal vacuutii€ ©original data for a free GHg,_,Te surface(Fig. 1,
evaporation. curve 1), slight increases in the surface lifetimg and the

photosensitivity in the short-wavelength region of the spec-
trum o are observed as the thickness of the aluminum film
increases(in the range of thicknesses 20-80 AFig. 1,
Single crystals ofn-type CdHg;_,Te (x=0.2-0.3) curve2). The increases ifg and o continue to saturation at

with Ng=1-0.13x10" cm 2 and u,=3-6x10* cn?/  film thicknesses at which the films exhibit appreciable con-
(V-9 and p-type crystals of the same composition with ductivity (thicknesses greater than 100 #&ig. 1, curve3).
N,=3-5x10" cm 2 and u,=4.5-5.5x10* cn?/(V-s)  The largest increases in these parameters, up to 50 fold for
were used in the experiments. The surface of the plates was=0.28-0.3, are observed for uncompensated and weakly
subjected to chemical-mechanical polishing followed bycompensated samples, which have comparatively low values

The unwavering interest in GHg, _,Te single crystals

2. EXPERIMENTAL METHOD
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FIG. 2. Spectral dependence of the photoconductivity-@d, ,Hg, 73T€
FIG. 1. Spectral dependence of the photoconductivity of sy, s.Te with 7,=12 us at 80 K:1 — with a free surface 4,=12 us); 2 — with a
with 7,=1 us at 80 K:1 — with a free surface2—4 — with a surface  surface coated by an aluminum film of thickness 1707412 us); 3 —
covered by an aluminum film of thicknesz:— 50 A (7,=2 us); 3 — 150 spectrum of the barrier photoelectromotive force of an Alg&dg, 73Te
A (75=10 us); 4 — 150 A (r,=5 w9 with illumination. structure.

for the bulk carrier lifetimer,=0.3—6—1.0x10 6 s. This  density of surface states My~ 10'2 cm™2. An analysis of
effect weakens considerably as the gap width of thehese characteristics for structures based-oandp-type Cd
CdHg, _,Te single crystal decreases. The factor by whichxH91-xTe points out depleting band bendinglat=0. This
the photosensitivity increases in the short-wavelength regiof$ also indicated by the identical value of the saturation pho-
of the spectrumK ,=o/0" is smaller than the factor by toelectromotive force §;<60 mV for x=0.28 at 77 K in
which the surface lifetime increasés = /72 (whereg?  the presence of the thermal background acting on these struc-
and Tg are the original values of the photoconductivity andtures. The background radiation generation current can lower
the surface lifetime of the charge carriers on the free surfact€ initial barrier heightps by 30-50 mV, and thus it can be
of the samples, and- and 7 are the values for a surface assumed thaps=0.1V. However, the use of these values of
with a sputtered aluminum layerFor the strongly compen- ¢s and N for the formation of a barrier according to the
sated samples withr,>10"5 s the surface lifetimerg re- Bardeen model does not provide a satisfactory explanation
mains nearly the same, while the photoconductivityde- ~ for the results obtained for- andp-type C4dHg, _«Te of the
creases in most cases severalftddmetimes 20 fold(Fig. ~ Same composition. In the case of metalgy_,Te struc-
2, curve?) in comparison to the original value of, for the ~ tures, the violation of the stoichiometry in the surface layer
free surface. A&, decreases, a decreaseririn comparison ~ Upon deposition of the metal due to the weakly bound mer-
with 7, is observed. For the samples with a coating the ki-cury atoms, whose vacancies create acceptor levels in the
netics of the drop in the photocurrent at small levels of phoPand gag, must be taken into account. Therefore, the factors
toexcitation correspond to a simple exponential [&ig. 3a, determining the heights of the barriers nn and p-CdHg
curve 1); as the level of pulsed illumination is increased, a
fast component of the decrease in the photoresponse with a
time constantrs, which approaches,, appears. Additional
constant illumination diminishes; (Fig. 3a, curves), but the
distribution of the photosensitivity in the short-wavelength
region of the spectrum is lowered to a considerably smalle &
degree(Fig. 1, curved).
It follows from the current-voltage characteristics of the |
Al-Cd,Hg; _,Te structures that the dielectric gap between 10ps t
the metal and the semiconductor is tunneling-opaque to th —
charge carriers even when a bias voltage as lasge ¥ is
applied. ThiS_ a”O-WS us to use the CapaCitan(-:e-VOIta(‘:]?:IG 3. Photoconductivity relaxation kinetics. B:2 — for low and high
methOd’ which is used to i analy_ze . metal'msuI‘Fjltor'leve.ls 6f pulsed illumination3 — in the preseﬁcé of constant illumination
semiconductotMIS) structures with a thick insulator, to de- and a barrier photocurrent. bi— for Ry=1 MQ, 2 — for Ry=0.3 k2 in
termine the surface parameters. The estimated value of th& Al-Cd,,4Hg, ;Te structure.

,rel.units

4
- 3
2

N W
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1_xTe can differ. Apparently, the weak variation of the bend-spectral dependence of the capacitive photoelectromotive
ing of the surface bands in the initial stage of deposition offorce U, («).” Therefore, the lowering of(«) relative to
the aluminum films is attributable to the formation of a tran-theU ,(«) curve in the short-wavelength portion of the spec-
sition layer and restructuring of the system of surface stategrum is proportional tou, /us. The surface mobility of the
The problem of barrier formation calls for a special study;charge carriergis=2x 10* cm?/(V-s) was determined from
therefore, below we shall consider only the results obtaineé comparison of thé) ;(a) ando(«) curves(Fig. 2, curves
for aluminum layers of thickness 100—300 A. 2 and 3) using the valueu,=6X10*cn?/(V-s) for n-Cd,
Let us analyze the observed features of the photoconduddg; _,Te.
tivity with allowance for the photoconductivity of the surface When the level of pulsed illumination is increased or
space-charge region and the recombination occurring in ittonstant illumination is provided, the surface bands
As was shown in Ref. 5, upon depletion the photoconductivstraighten, causing the appearance of a fast component in the
ity of Cd,Hg; _,Te (x=0.2—-0.3) is localized in the surface decrease in the photocurrent witly approachingr,. The
space-charge region and is approximated by the expressiophotosensitivity in the short-wavelength portion of the spec-
trum should decrease by the same factor. However, as the
o(a)=elp(l+b){upst{1—exp(—al)/(1+al)] bands straighten, the condition of localization of the photo-
+[ pp, 70X — al)/(1+ aly)]}, (1) conductivity in the space-charge region is violated, and the
] ) _contribution of the surface to the total photoconductivity de-
wherel is the rate of the generation of g'ltlectron—hole Pairs,creases. During this processe approachess,, and this
., and us are the bulk and surface mobilities of the charge,ccounts for the weak decrease dtfie) upon continuous
carriers, b= pun, / up,= pns/ ps, a is the absorption coeffi- i ymination. Thus, the observed decreaseirfollowing the
cient, | is the width of the space-charge regidny is the  genosition of an aluminum film on a sample is governed by

diffusion Iengt_h for the min_ority charge carriers, ands the _the smaller values ofi.; compared with,, rather than by
quantum efficiency of the internal photoeffect. In the regionyq rate of surface recombination.

of intense absorption, where we have To determineS it is convenient to use the relaxation
os=eln(1+Db)usrs, (2)  curves of the photocurrent in an Al-(Hg; ,Te surface-
barrier structure (Fig. 3a. In the open-circuit regime
o t=7 [(A+LT)/(1+L_)]+SLg(1+L ), (3 Ry>R, (whereR, is the resistance of the load, aRj, is

the resistance of the space-charge regtbe time constant

=R, -C, (where C, is the capacitance of the space-
L charge region In the short-circuit regime Ry<R,) the

L_=L4 foexp:—cp(x)]dx, photocurrent increases with the time constaptR,- R,

and, after achieving a certain value, decreases with the time

constantr, , which is related tS by the relatiof

Tr:Le(_QDIS_)[(Spe"_S*)\/_(Pls_]711 5

where S, is the rate of the emission of charge carriers
[ through the dielectric gap. In our caSg.<S*. After deter-
|——=Le'-JlfoeXP(—st)/v—st—l- (4 mining the values ¢-=7, rrjﬁx 10°° s, and
Le=6X10"° cm, from(5) we find S* =500 cm/s, so that, in
If the surface band bending increases after deposition dfact, S*<Ly7, }(1+L_)=6Xx 10" cm/s.
the metal on the surface of the sample, then, as follows from  Taking into accoun{4) and(5), we can write Eq(3) in
(3, at small rates of surface recombination the form = =7, Y[(1+L7)/(1+L_)]+ = *, from which
[S<Lg4(1+L_)7, '] and recombination in the space-chargeit follows that 75 can increase only under the condition that
region L™ <L _), the surface lifetime of the charge carriers the second term is much smaller than the first, and the re-
Ts increases. In this case, as is observed for weakly compemombination rate in the space-charge region decreases as the
sated CgHg; _,Te samples, the photosensitivity increases insurface band bending increag¢4+L")—1]. This conclu-
the short-wavelength region of the spectrum. For the samplesion is valid, if the tunneling effects in the space-charge re-
with a high degree of compensation of the carrier concentragion are disregarded, as was done in Ref. 8.
tion and comparatively large values of, it is difficult to However, for CgHg;_,Te with narrow-gap composi-
achieve the conditiorrs> 7, due to the restriction ofs by  tions these effects can predominate at low temperatures. Fig-
the rates of surface recombination and recombination in thare 4 presents plots of the dependence of the short-circuit
space-charge region. Consequently, as follows ff@mfor  photocurrent on the bias voltage in the structure. It can be
these samples the decrease in the photosensitivity in theeen that in a reverse bias the photocurrent in a structure
short-wavelength portion of the spectrum following film based on a strongly compensated sample Witp=10"
deposition can be caused by the smaller values of the surfacen™ 3 decreases. A similar drop in the photocurrent was ob-
mobility u¢ of the charge carriers compared with the bulk served in an MIS structure based gntype Cdg - HgygTe
mobility u, . Under the condition of localization of the pho- with N,=3x 10" cm 2 in Ref. 9 and was attributed to the
toconductivity in the space-charge region wih=«, and  tunneling of charge carriers via impurity centers in the space-
7s=1T,, the spectral dependence @f«) is identical to the charge region. As an analysis shows, this mechanism is un-

where

L™= Lglfolexp[— e(x)] 77 H(x)dX,

and upon depletion
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I/1, photoconductivity in the surface space-charge region and the

10 2 recombination occurring in it. For uncompensated and
y weakly compensated samples with,=0.3x10 6—1.0
__1___/ X 10 ® s the bending of the surface bands increases after the
deposition of an aluminum thin film. As a result of the small
0.5 rate of surface recombinatior8¢ 100 cm/3$, this results in
an increase i and enhancement of the photosensitivity in
/ the short-wavelength portion of the spectrum. No increase in
1] [ B 75 IS observed for the strongly compensated samples with
-0.8 04 g 0.4 7,>10"% s. This is attributed to the significant tunneling and
UgsV tunneling-recombination processes in the space-charge re-

o . gion. The values of the surface recombination rate and the
FIG. 4. Dependence of the short-circuit photocurrent on the applied gat f bility of the ch . h b det ined
voltage in different structurest — Al—n-Cdy,Hgo7sTe with Ng= 10" surtace mobiiity of the C_arge carners have been aetermine
cm 3, 2 — Al—p-Cdy Hg, ;Te with Ny=5x 101 cm 2. from the results of combined measurements of the photocon-
ductivity and the barrier photoelectromotive force for the
. . two types of CgHg; ,Te samples under the conditions of
acceptable foN4=10" cm™2. In addition, no decrease in |ocalization of the photoconductivity in the surface space-
the photocurrent is observed for thetype CdHg, _,Te  charge region. It is shown that the smaller values of the
sample withN,=5x 10" cm~2 within the range of bias surface mobility compared with the bulk mobility can lead to
voltages indicated in Fig. 4. a strong(up to 20-fold decrease in the photosensitivity in
The features observed are explained well on a qualitativéhe short-wavelength portion of the spectrum.
level by the fluctuation theory for barrier structuf@syhich
states that in strQneg compensated mate_zrlals the tunne_ll_ng ofy r Angin, V. V. Antonov, A. V. Vdtsekhovski, and M. R. Pashk-
charge carriers in the space-charge region can be facilitatedoyski, zarubezh. Elektron. Tekis, 49 (1984.
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narrowing o arrier. St ” Shmartsev, Pis'ma zh. Tekh. Fi&, 932(1979 [Sov. Tech. Phys. Lets,
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r ~ For exampl for _Te with x=0.2 E. K. Gusénov and N. D. Ism#aov, Fiz. Tekh. Poluprovodn29, 1790
deCEeiseS 0 Z a_p © 96 Bt ed t 0 h (1995 [Semiconductor®9, 934(1995].
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Temperature dependence of the photoluminescence of porous silicon
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The photoluminescence of porous silicon in the temperature range from 300 to 400 K is
investigated. It is shown that the experimental results are explained well on the basis of a model
of the radiative recombination of excitons in silicon nanostructures. According to numerical
estimates obtained by comparing the experimental and calculated curves, the exciton binding
energy is~0.2 eV. © 1997 American Institute of Physids$$1063-782@7)02506-4

1. INTRODUCTION contradictions are possibly attributable to differences be-
tween the samples used. In fact, it was established in our
The properties of luminescent porous silicon have beemvork!! that as the characteristic dimensions of the porous
vigorously investigated in the last few yeafsee, for ex- silicon nanostructure decrease and the original PL band
ample, the reviews in Refs. 1)4t has been found that one shifts toward shorter wavelengths, the influence of the tem-
of the most important features of porous silicon is the exisperature on the PL intensity, as well as on the spectrum,
tence of a nanostructure in the form of a net of silicon wiresdecrease sharply. Another factor which influences the tem-
or partially isolated regiongfractalg. The smallest dimen- perature variations of the PL can be the presence of defects
sions of these fractals are of the order of 1-3'which is  which participate in nonradiative recombination.
sufficient for the realization of an appreciable size-  The dependence of th#line of PL on the temperature
quantization effect:®> The latter, as has been assumed inas the latter is increased above room temperature was studied
most studies, alters the optical properties of porous siliconin Refs. 5, 9, and 12. However, it is difficult to correctly
shifting the optical absorption edge toward larger quantunminterpret these results, since the porous silicon was heated in
energies. However, there is no such clarity with respect t@ir. Changes in the surface coating of the nanostructure
the luminescence, particularly the photoluminesce®tain  which influence the PL are very likely in that caskn fact,
porous silicon. Although many researchers believe that thé has been reported that when freshly prepared porous sili-
radiative recombination of charge carriers takes place in &on is heated above 500 K, the PL intensity drops irrevers-
modified second quantization of the band structure of porouly as a result of the loss of the hydrogen coatirigimilar
silicon}? there are many different opinions regarding theeffects probably occurred in the studies cited above in the
details of the recombination mechanism. The possibility ofform of a residual decrease ip, (Ref. 5 or its temperature
the direct recombination of free electrons and hdlése  hysteresis?
binding of the latter in excitons that annihilate with the emis- ~ Thus, there are presently no reliable data on the course
sion of optical quant& and radiative recombination on sur- of 1p(T) at temperatures above room temperature. At the
face states of the nanostructlileave been considered. In Same time, such information could be useful for identifying
addition, it has been theorized in several papers that the mafe PL mechanisms. For example, it was claimed in two
contribution to the luminescence of porous silicon is madetheoretical studié$™* that excitons with binding energies
by optical excitation and excitation relaxation in a molecularEexc €an exist in nanometer-scale silicon wires. For wires of
coating of fractald:>* square cross section with a sidefrom 1.5 to 3.1 nm the

One of the important characteristics of the luminescenc¥/alue of Ee, varies from 140 to 70 meV, respectivefy.
of porous S“icon, knowledge of which would permit a choice Radiative transitions between exciton levels cause the PL of

between different models, is its temperature dependence. TH@rous silicon. Appreciable values Bty permit excitons to
so-calledS band of PL in the visible region of the spectrum exist at room temperature and can determine the thermal PL
observed when the temperature of porous silicon is lowereguenching.

below room temperature has been investigated in many The present work is devoted to an experimental investi-
studiest*~9 However, the data obtained and their interpreta-9ation of the dependence of the PL of porous silicon when
tion are very contradictory. The only general conclusion ish€ temperature is raised from 300 to 420 K. The data ob-
perhaps, that the PL intensity, increases when the tem- tained are gnalyzed on thg basis of a n_10de| of the radlaftl_ve
peratureT is lowered from 300 to 200150 K. When porous recombination of excitons in quantum wires of a porous sili-
silicon was cooled further, some investigators observed 40N nanostructure.

drop in I ,>® which was attributed to a decrease in the

populat!on of the exciton smglet. state and an increase in thg_ EXPERIMENTAL METHOD

population of the metastable triplet stdtén other studies,

when T was lowered further, either no decrease lif) Samples of porous silicon on p-type Si substrate with
occurrec®® or it was observed at<70 K.1° Some of the a resistivityp=10 € -cm and a surface having tli&00) ori-

639 Semiconductors 31 (6), June 1997 1063-7826/97/060639-03%$10.00 © 1997 American Institute of Physics 639



700+

70 - B
et 3 -
o . B
: s
rg 051 g B
Ni '\‘5"
%
g 1 1
550 650 750 860 950 70 L { I |
A ,nm 2 J b
7000/7,1/K

FIG. 1. Photoluminescence spectra of porous silidark: 1 — 300,2 —

340,3 — 370, 4 — 420. FIG. 2. Plots of the dependence of the photoluminescence of porous silicon

on the reciprocal temperature for the wavelengihs=-700 nm (1) and
N,=850 nm(2). Points — experimental data, curves — results of calcula-
tions according tq4) with the fitting parameters,,,=0.07 us, E¢,,=0.2
entation were investigated. Electrolytic anodization in aev (1), andE,,.,=0.18 (2).

HF-CGH50H:H,O mixture (1:2:1) at a current density

j=30 mA/cn? over the course of=10 min was used. Be-

fore the experiments were begun, the samples were stored ffometers. This corresponds to the type of substrate that we

air for several months. used and the regime for obtaining porous silicon, in which
Immediately before the PL measurements, the poroughe porous layer has a highly porous coralloidal structfire.

silicon samples were subjected to prolonged vacuum treaffhen, to within the error determined by the specific shape

ment(at a residual pressu=10"3—10"* Pg and heating and orientation of the silicon wiré$, each energywave-

at T=450 K. Such preliminary treatment made it possible tolength in the PL spectrum corresponds to a definite wire

stabilize the adsorbed coating on porous silicon, whosgiameterd. If the binding energy of the excitons in the sili-

variation can have a significant influence on the!fduring ~ con wires is taken into account, then, in accordance with Ref.

the treatment employed, the weakly bound water moleculesi4, the wavelengthd ;=700 nm and\,=850 nm corre-

in particular, are removetf. The latter can influence the re- spond to luminescence from wires witth=2 nm and

combination process in porous silicon under opticald,=3 nm, respectively.

excitation*1® Figure 2 presents plots of the dependence of the PL in-
In the PL measurements excitation was effected by théensity on the reciprocal temperature in semilogarithmic co-

output from an argon laser with a wavelength-488 nm  ordinates forn; and\,. A sharper temperature dependence

and an intensityl,=0.1 W/cnf. As was previously estab- is observed for,, i.e., for nanostructures with the larger

lished in Ref. 17, significant heating of the porous layer doegliameterd,. Qualitatively, this corresponds well to smaller

not occur at such an excitation intensity. The experimentyalues ofE.,. and can be explained within a model of exci-

were carried out in a vacuum @t=300-420 K. ton recombination. However, tHe, (1/T) curves cannot be

approximated by exponential laws with the activation ener-

gies Eg,. calculated in Ref. 14. In semilogarithmic coordi-

nates the slopes of the corresponding straight lines are not
The measured PL spectra of porous silicon at severatonsistent with experiment. It is also difficult to attribute the

fixed temperatures are presented in Fig. 1. It is seen that tidifferences between the experimental plotd gffor A; and

PL spectrum of porous silicon d=300 K is characterized M\, to the recombination of free charge carriers or radiative

by a broad band with a maximum &t,=760 nm(curvel).  recombination in defects.

As the temperature is raised, the PL intensity decreases, and To quantitatively analyze the experimental data ob-

slight displacemenby ~ 10 nm) of the band toward shorter tained, let us consider a system of intersecting silicon wires

wavelengths is observed. The changes of porous silicon olnder the conditions of weak continuous excitation. We as-

served in the PL were completely reversible and reproducsume that there are two subsystems of noninteracting charge

ible in subsequent heat-treatment cycles. carriers, viz., free electrons and holes with a pair concentra-
According to the model proposed in Ref. 11, the PLtion n and excitons with a concentratidd. We can then

band of porous silicon is the result of the superposition of thewrite the kinetic equations

emission from nanostructures of dlffer_ent sizes. qu simplic- dN/dt=Cn—AN—N/7,,

ity we assume that the porous layer investigated is a set of

wires with transverse dimensions of the order of several na- dn/dt=g—Cn+AN-n/7,,, (h)

3. EXPERIMENTAL RESULTS AND DISCUSSION
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whereC and A are the probabilities for the binding of the model described. Further investigations are needed to make a
carriers in excitons and thermal decay of the latter, respedinal choice between the two possibilities presented above.
tively, g is the rate of the generation of electron-hole pairs,Nevertheless, we note that the good agreement between the
andr, andr,, are the times for radiative exciton annihilation experimental points and the curves calculated within the ex-
and the nonradiative recombination of electron-hole pairsgiton model supports the latter possibility.
respectively. Thus, the dependence of the PL of porous silicon in the
In (1) the contribution of the excitonic processes to thetemperature range from 300 to 420 K has been investigated
excitation of charge carriers upon the absorption of light isexperimentally in this work. The results obtained attest to

ignored in accordance with Ref. 14. behavior of the thermal PL quenching that is more compli-
Under steady-state conditiond/@it=0) we obtain cated than a simple thermal-activation law and can be ex-
_ plained within an exciton model of the luminescence of po-
g=n/7y+N/7,. (2 o
rous silicon.
We presume Boltzmann statistics, This work was supported as part of the Physics of Solid-
N/N=exp — Eo/KT). 3) State Nanostructures Progrdfroject No. 1-06)1

From (2) and(3) we obtain

N=g7 /[1+ (7 /7)) exXp(— Eex/KT)]. 4 1K. Jung, S. Shih, and D. Kwong, J. Electrochem. Sit0, 346 (1993.

. 2M. S. Bresler and I. N. Yassievich, Fiz. Tekh. Poluprovo@, 873
Let us use4) to analyze the experimental dependence of the (1993 [semiconductorg7, 475 (1993].

PL on the temperature. We assume that-N~g. The lat- 3S. V. Svechnikov, A. V. Sachenko, G. A. Sukach, A. M. Evstigneev, and
ter is in good agreement with our dtaand the literature 4JE- BB- QZQZRSV}'(C%O@EJ:;“XJ”F;IPgLupfoggdznz-;a?gfgj (1994.
1,450 i nati ; : : . B. Xi . WL . Appl. Phys. 39, .

data, |!’1d|pat|ng a linear dependence of_ the PL mtensny onsg Perry, F. Lu, F. Namavast al, Appl. Phys, Lett60, 3117 (1992.
the excitation level up to 1 W/ctnat which photoinduced  sG. mauckner, K. Thonke, T. Baier, T. Walter, and R. Sauer, J. Appl. Phys.
heating is already significant. Then, according to Ref. 14, the 75, 4167(1994.
radiative recombination times fai; and d, are equal to 7J. Oswald, J. Pastrnak, A. Hospodkova, and J. Pangrac, Solid State Com-

_ _ . mun. 89, 297 (1994.
71=70 us and 7,,=170 us, respectively, a_nd depend 8G. W. 't Hooft, Y. A. R. R. Kessener, G. L. J. A. Rikken, and A. H. J.
weakly on the temperature. We note that the literature doesvenhuizen, Appl. Phys. Let61, 2344 (1992.
not offer any unequivocal and reliable data fgy; ; there- 9A. A. Lebedev, A. D. Remenyuk, and Yu. V. Rud’, Fiz. Tekh. Polupro-

fore, it is a fitting parameter in our description. vodn. 27, 1846(1993 [Semiconductor27, 1017 (1993].
. 10T, Suemoto, K. Tanaka, and A. Nakajima, Phys. Rev4® 11 005
Figure 2 presents curves calculated from E4. The (1994,
best fit between the calculated curves and the experiment&lp. k. Kashkarov, V. Yu. Timoshenko, E. A. Konstantinova, and S. A.
points was achieved for,,,=0.07 us, Ege=0.2 eV (for Petrova, Fiz. Tekh. Poluprovod@8, 100 (1994 [Semiconductor®8, 60

_ (1994)].

A1), andrEEXCZT 0'18fe;]/ (for )\2) T.he 'values fo.r the IaFter 12y, G. Gavoron, Yu. F. Ogrin, T. P. Kolmykova, and V. 1. Sidorov, Pis'ma
exceed the values of the exciton binding energies optgmed Nzh. Tekh. Fiz.20 (8), 70 (1994 [Tech. Phys. Lett20, 336 (1994)].

Ref. 14:E,.=0.1 eV andE,,.~0.07 eV. In our opinion, %p.D. J. Calcott, K. J. Nash, L. T. Canham, M. J. Kane, and D. Brumhead,

there are two possible reasons for such a disparity. First, as jg)- Phys.: Condens. Mattes, L91 (1993.

ot ; _**G. D. Sanders and Y.-C. Chang, Phys. Rev39202(1992.
seen from(4), the presence of an activation barrier to nonra 15V, F. Kiselev and O. V. KrylovElectronic Phenomena in Adsorption and

diative recombination with an energf, of the form Catalysis on Semiconductors and Dielectri@pringer-Verlag, Berlin—
Tnr~ EXPEL/KT) makes a contribution to the thermal PL New York (1987.

guenching. Second, the exciton binding energy in the siIicorix- Bi_ttfi_cg aFfJ‘dQ/- JU-hEmOShEn'f' i Appl. Phys5, 54:6\5139‘9-T_ A
wires will be greater, if the difference between the dielectric eﬁk()l,ttfll'(r:\ir; ord Fir Q5a;0¥h(i995). onstantinova, and V. Yu. Timosh-
constants of the wire material and the surrounding emptysg. . smith and S. D. Collins, J. Appl. Phyg0, R1 (1992.

space is taken into accoutft.According to our estimates !°C. Delerue, G. Allan, and M. Lanoo, Phys. Rev4B, 11 024(1993.
based on the calculations in Refs. 14 and 20, the latter factdrV- S- Babichenko, L. V. Keldysh, and A. P. Silin, Fiz. Tverd. Te3
causes an increase in the binding energy by a factor of 1.5—2,1238(1980 [Sov. Phys. Solid State2, 723 (1980

which is consistent with the results of the calculation in theTranslated by P. Shelnitz
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Use of a low-temperature emitter in investigating the spectral characteristics of infrared
photodetectors

V. V. Vasil'ev, Yu. P. Mashukov, and V. N. Ovsyuk

Institute of Semiconductor Physics, Russian Academy of Sciences, Siberian Branch,
630090 Novosibirsk, Russia
(Submitted July 8, 1996; accepted for publication October 25, 11996

Fiz. Tekh. Poluprovodr81 749—-752(June 199y

A method for determining the cutoff wavelength of the photosensitivity spectrum of an
infrared photodetector by measuring two photosignals obtained from two blackbody sources of
radiation at different temperatures is examined. It is shown that it is expedient to use
blackbody sources at low temperatures Xet 10— 14 um. The photosignal of an element of a
p-type CdHg;_,Te photodiode array witli=0.225 is measured for a blackbody, whose
temperature is varied in the range 150—-450 K. The values, dbr several temperature ranges
are calculated from a comparison of the experimental and theoretical curves. The
corrections tan. associated with the deviation of the real photosensitivity spectrum from the
ideal spectrum are calculated. Arguments regarding the selection of the optimum
temperature ranges for the emitters are advanced19@7 American Institute of Physics.
[S1063-78287)02606-9

Multielement photodetection devices intended for opera- \e  cidh
tion in the mid-IR region (5-14 um) have become Q(\o)= o N1 (1)

widespread. When the photosensitivity of such devices is

measured, it is necessary to deal with the following factorswhere c;=1.88365<10?° um®/s-cnm? and c,=1.43879

a) the small value of the area of an individual elementtHe X 10* um-K.

appreciable disparity between the doped region and the pho- We see that the plots in Fig. 1 are sufficiently sharp to

tocarrier collection area;)¢he possible mutual influence of determinek very accurately, especially at reduced tempera-
the elements on one another. tures. However, the actual accuracy depends on how closely

Exact measurements of the photoelectric characteristid§'€ particular spectral dependence of the power-current sen-
of such structures using a monochromator is often difficulSitVity corresponds to the ideal dependence and on how ac-

because of the complexity of the equipment and because &Jrately the measurements can be performed. To perform the

the small value of the radiated power falling on an individualcorreSpondlng analysis, we consider Figs. 2 and 3, which
. ng)resent the data from measurements of one of the elements
element. Consequently, it has also become common to en’- . .
: . . of a 2X64 photodiode array fabricated on p-type
ploy a blackbody directly, without a monochromator, for ir- . . . .
radiation. In particular, a simple method was proposed iCd‘Hgl‘X-re substrate with=0.225, in whichn—p junc-
- parieuiar, P Proposed Wions were formed by ion-implanting boron.
Ref. 2 for determining the wavelength of the photosensitivity
edge using two emitters at different temperatures. A specigtypERIMENTAL METHOD
feature of the work just cited is that the photosensitivity was Fi 2 sh the t ral i ii
investigated using a blackbody, whose temperature was var- igure = shows the {rue spectra’ power-current sensitiv=
: . ) ity characteristic, which differs significantly from the ideal
ied over a broad range, including values below room tem-
. . .__curve. The measurements were performed at a sample tem-
perature. The use of a low-temperature emitter to |nvest|gateerature cqual to 78 K. Figure 3 presents the experimental
long-wavelength photodetectors with a photosensitivity edgg a - 719 P b

e dependence of the photocurrent on the emitter temperature,
at A\;~10 um and longer wavelengths has definite advan- P b P

i At ficiently low t A ¢ which th ._as well as several theoretical plots, which were constructed
ages. Al a sutliciently low temperature, at which e €miSy,,qjer the same assumptions as the curves in Fig. 1. In addi-
sivity maximum is located at a wavelength longer than a

- . tion, it was assumed that the reflection losses amount to
sharper dependence of the photosignaheris observed. 30%, that the carrier collection area is equal to the area of

To determine) it is convenient to take the ratio be- o p—n junction (50<70 wm2), that the emissivity of the
tween the photosignals at two emitter temperatures. Severg|ackhody ise=0.95, and that the effective angle of sight is
parameters can then be eliminated: the area of the photodey_.— 15°. The measurements were performed in a nitrogen
teCtor, the I’ef|ecti0n |OSSES, and the quantum efﬁciency. Th@ryostat' whose Working volume accommodated a Samp|e, a
ratio of the two photosignals at two emitter temperatures as ghodel of a blackbody, and a device for displacing the probe.
function of A; is plotted in Fig. 1. It was assumed in the The blackbody was made from brass and had a radiating
calculations that the photoresponse is proportional to theurface with a diameter of 8 mm, which was blackened by
number of photons having a wavelength shorter thgnand  the adhesive BF-2 mixed with porous graphite. The heater
this number was determined by integrating Planck’'sused was a copper-wire winding, which was glued to the
formula* blackbody by the same adhesive to achieve better thermal
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FIG. 1. Theoretical plots of the ratio between the photosignals of an idea
photon photodetector for a perfect blackbody at two temperatures as a fun
tion of the cutoff wavelength of the photodetectbr— 250 and 150 K2 —

350 and 250 K3 — 450 and 350 K.

liguid

10_’0 nitrogen
contact. Since the surface of the sample was at an apgle
relative to the axis of the emitter, the irradiance should be
determined using the expression
Sinzeeff: Sir\29~COS¢, (2) 10—’1 TR TN NN NN TN (T SR MR SR SO OV SR WO W N
where § and ¢ are the angles shown in the inset in Fig. 3. 40 200 260 Tzeo 80 440

Two positions of the blackbody relative to the sample were
used: a far p0§|t|0n _(Qeff: 15°) an(_j a near position g, 3. Dependence of the photocurrent of one of the elements of a photo-
(260.4=49°). In Fig. 3 either the experimental values of thediode array on the emitter temperatufe:4 — calculated plots5 — ex-

photocurrent for the far position or appropriately recalculatecperimental plata — near position of the emitteb — far position. The
easurement setup is shown in the indet— sample stage? — sample,

values for the near position are plotted. The near position of regulated probej — movable shield5 — emitter,6 — PTFE thermal
the source was employed for more exact measurements @tulator,7 — cold screen8 — one of three glass windows in the cryostat,
low temperatures. 9 — objective lens of a binocular microscope.

A movable cooled shield was positioned between the

emitter and the array element for use in the measurements Bfackbody was measured using a copper-constantan thermo-

the photocurrent. The lower limit of the measurable photo—Cou le soldered to it whose other end was placed in liquid
current values was-1x10 10 A, The temperature of the nitropgen : P q

DISCUSSION OF RESULTS

J Let us compare the theoretical curves shown in Fig. 3
with the experimental curve. Since we know from Fig. 2 that
Ac=10 um, we make the comparison for just that curve. The
fact that the experimental curve is above the theoretical
curve over its entire course can be attributed to a photocarrier

-
=
&
N

)
>
T

Photocurrent and guant.efficiency, arb.units

Q.61+ . . .
collection area that is larger than presumed. If the difference
1
0.4
TABLE I.
031+ T, K Np/N;
0 1 ) i ] 1 150 0.705
4 & 8 70 12 200 0.720
Wanelength, pm 250 0.741
300 0.767
FIG. 2. Spectral dependence of the power—current sensitilitior one of 350 0.792
the elements of a 264 array onp-type CdHg, _,Te with x=0.225, spec- 400 0.811
tral dependence of the quantum efficiency taken for the calculat®nand 450 0.828
ideal spectral dependence of the quantum yield.
Vasil'ev et al. 643
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for moderate temperatures is taken, we find that the carridver of photons with respect to., i.e.,dQ(\¢)/d\., could
collection area is 45% greater than the area of the dopeserve as the optimality criterion. This derivative is equal to
region. This value is too small for there to be overlap be-the integrand in Eq(1), for which the maximum is deter-
tween two neighboring elements. However, additional meamined by Wien’s law?
surements show that there is, in fact, some optical coupling
between the array elements: the sum of the photocurrents for T
two elements located next to one another was somewhat —maX
smaller when they were switched on simultaneously than
when they were switched on separately. At the same timeyherea’ =3669.73:m-K.
there is no inverse conducting channel coupling these two Thus, in our case the corresponding temperature is equal
elements. to about 370 K. However, as the calculations show, the rela-
The determination ok from curvesl-3in Fig. 1 gives tive variation of the number of photons, i.e., the quantity
the valuesh,=11.0, 9.7, and 10.2um, respectively. The (1/Q(\.))(dQ(A.)/d\.), increases continuously as the tem-
spread amounts to 1,8m or 13% of the measured value. In perature decreases from the value just indicated, so that the
our opinion, this result is sufficiently satisfactory, if it is dependence omn. is displayed increasingly more clearly.
taken into account that there is a whole series of factors thatherefore, it is apparently reasonable to lower the tempera-
promote the appearance of errors: the large dynamic range @ire below the value indicated until new restrictive factors,
the measured quantity, the possible dependence of the emisach as the small amplitude of the effective signal, the ap-
sivity of the source on the wavelength and the temperaturgearance of false signals from other parts of the cryostat, the
and the possible instability of the properties of the photodiinfluence of the form of the true spectral dependence, and the
ode. presence of appreciable photosensitivity beyond the edge,
Let us evaluate the error in. associated with the dif- begin to operatéwe recall that at an emitter temperature of
ference between the real and ideal spectral dependences. @50 K only 0.3% of all the photons correspond to the range
the basis of Fig. 2, we introduce the quantum efficiencyxa <10 um). It is perfectly possible that the best value of
n(\). Since the photocurrent is proportional to the numben . that we obtained for curv@ in Fig. 1, which covers the
of photons and the quantum efficiency, and the number ofemperature range 250—-350 K, confirms the foregoing state-
photons is, in turn, proportional t® (for the same radiated ment.
powep, we can write

S
—, ®

=a’, 4

n(\) =k
wherek is a certain coefficient, which is determined from the CONCLUSIONS

normalization condition. We normalize(\) to unity at the | b luded f h vsi ‘ d and th
maximum (Fig. 2). Multiplying »(\) by Planck’s function t can be concluded from the analysis performed and the

and calculating the corresponding integral, we obtain theexperlmental data that the determinatiorhgfy the method

number of photoelectrons. We next calculate the number olf'sed_ in thi_s work does not give us any guarantee th‘f’“ we will
photoelectrons in the ideal case, i.e., under the assumptio(?'P'[aln a h.'gh abs.ol_u’_[e accuracy, which can be estimated as
that p(\) =1 for A<\ and 0 for\ >\, (Ao=9.8 um), and +0.5 um in the vicinity 0f~1(_) pm. In fact, j[he very con-
then we take the ratio of the number of photoelectrons Obggpt OT)‘C fora reaI. spectrum' is not fully defined. However,
tained in the former cadd, to the number of photoelectrons utilization of the S'm_p'? design of a model of a pe_rf_ectly
obtained in the latter cadé, (see Table)L It is seen that as blackbody located within the cryostat and the simplicity of
the emitter temperature is lowered, the disparity between thg1e measurement met_hod_ are rema_lrkable. The method can
results for the ideal and real spectral dependences increas&%.rtamly be very effective in measuring a large C°”e°“°f.‘ of
Consequently, if we would construct the curves in Fig. 1 for® ementsan array, a matrlx and the relayve accuracy will

the real spectrum, they would be above the curves drawr‘i"‘lre"’ldy be far higher £ 0.1 um). As in Ref. 2, there

and the values ok . determined from the experimental data should, of course, be two em|.tters W.'th d|fferent tempera-
tures and a device for mechanically displacing them.

in Fig. 3 would consequently be higher. To calculate the ; »
correctionA . we proceed in the following manner) we We thank A. Suslyakov for measuring the photosensitiv-
¢ 1ity spectrum, as well as for some useful discussions.

determine the slope of the curve selected in the vicinity o
A¢=10 um from Fig. 1,f"= (A log M/A)N,); 2) we deter-
mine the logarithm of the ratio between the values for the
respective pair of temperature8,log M; 3) we determine
A= (4 log- M/t ). The calculations give -the TOHOWing val- 1A. Rogalski and 1. Piotrowski, Prog. Quantum Electrdg, 87 (1988
ues fori. with allowance for the correction instead qf the 2R M. Liberati, N.'Sparvieri’ and M. Marini. Ingr. Phy@L' 361(199].).
former values: 11.2, 10.0, and 10:8n for curves1-3 in 3R. D. Hudson Jr.Infrared System EngineeringViley, New York (1969
Fig. 1, respectively. [Russ. transl., Mir, MoscowW1972].

Let us consider the choice of the optimum temperature“Tables of I_Dhysical Constants. A Handbddk Russiad, I. K. Kikoin
range in the method for determining under consideration. ~ (E% Atomizdat, Moscow(1976.
The condition for the maximum of the derivative of the num- Translated by P. Shelnitz
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Laser-stimulated displacement of the  p—n junction boundary in direct-gap GaAsP
structures

G. A. Sukach

Institute of Semiconductors Physics, Ukrainian National Academy of Sciences, 252028 Kiev, Ukraine
(Submitted July 31, 1996; accepted for publication October 25,1996
Fiz. Tekh. Poluprovodr31, 753—-756(June 199y

Displacement of theg—n junction boundary in direct-gap GaAsP structures exposed to intense,
strongly absorbed laser radiation was observed experimentally. It is shown that this
phenomenon is caused primarily by the diffusion fluxes of zinc ions fronpthge region into

the n-type region, which are manifested as fields of thermoelastic stresses created by
significant temperature gradients. The dependences of characteristies rofjunction
displacement on the laser irradiation parameters are establisheti99® American Institute of
Physics[S1063-782@07)02706-3

Regulation of the parameters of semiconductor devicephase into the preliminarily annealedtype GaAs_,P,. In
after their fabrication is of great current interest because obrder that the space-charge region would be located predomi-
the requirements imposed by modern micro- and optoelemantly in the p-region, the structure was doped in such a
tronics, particularly, on the quality of their rectifying bound- manner that the surface concentration of zinc in the contact
aries (—n junctiong and nonrectifying (low-resistivity  region would not exceedx10'® cm™2 and the hole concen-
ohmio contacts. The processes and mechanisms involved iftation would bepy=1—2x10*® ¢cm 2 in the bulk and
the displacement gb—n junctions, which are generally fab- would decrease tp,=n, at the p—n junction boundary.
ricated by isothermal diffusion, in external thermal, electric, The surface area of the sample was 8635 mnf.
optical, and radiation fields has been the subject of many The source of the temperature gradient was the second
studies(see, for example, Refs. 1}40ne common feature harmonic of aQ-switched neodymium lasefthe output
of all these studies is that the—n junctions were displaced wavelength was\=0.53 um, the pulse duration was
in stationary (gradient-fre¢ temperaturé, photon? and t,=40 ns, and the absorption coefficient was=10°
radiatior? fields. The driving force for displacement of the cm™1). The entire sample surface was irradiated in the direc-
p—n junc_tion vg/as gent_arally the or_iginal dopant concentra-jgn perpendicular to the plane of the-n junction by a
tion grad|ent1.‘ In addition, the displacement of B—n  ho40n flux that does not cause destruction of the surface of
junction caused .by external stationary fields took place alongne material (the energy in a single pulse was<10 2
the dopant gradient. /cnf). To eliminate the influence of the electric field of the

m lrr: 2:”m0pi':\'/0rl‘\’/ tg?nl?r\]/esdtilgaltlon rgf r:he argcr?st?er? aN%otential barrier on the dopant diffusion processes, the
echanisms Involve e displacementpefn junctions —n junctions were subjected to laser irradiation under

in external gradient fields created, in particular, by exposin o "
ag P Y €XPOSING, 4+ circuit conditions.

the semiconductor structure to strongly absorbed laser radia- ) . . o .
. . . : o The profile of the dominant impurity in thp-region,
tion would be more interesting. In this case a qualitatively | . L : ;

N . .—.~which contains information on the depth of tpe-n junc-
new situation can arise due to the large number of pOSSIbI|I1-:i n. was investioated by analvzing differential itan
ties for regulating the parameters of a semiconductor struc-oM» Was Investigated by analyzing difterential capacitance
ture voltage characteristicsdC/dV characteristicsand by the

Our goal was to experimentally study the processes anawo—frequgncy mgthod for measuring the capacitance of a
mechanisms involved in the displacemenipof n junctions reverse-biased diode at the difference frequéifcgontrol

in external fields created by a temperature gradient and thgXPeriments were performed to determine the position of the
thermoelastic stresses associated with it. p—n junction using the oblique section technique and scan-
ning electron microscopy.

Figure 1 presents the concentration profile of the domi-
SAMPLES, METHODS, AND EXPERIMENTAL RESULTS nant impurity in the high-resistivity p-region

We investigated experimental samples of GagsPn (N3 =Na—Ng=pg) before and after laser irradiation
junctions grown by a hybrid chloride technoldgyon (E=2x10"2J/cnt) of a GaAsPp—n structure. For clarity
n-type GaAs substrates with antype GaAsP intermediate the distances were measured from the upper surface of the
layer of variable composition and an-type layer of epitaxial p-layer. The figure contains a schematic represen-
GaAs _,P, (x=0.35-0.38) of constant composition and tation of the characteristic zinc-doping front, which consists
with a total thicknessl=10 um. The tellurium concentration of a high-speed high-concentration part and two
in them (Ng) corresponded to the electron density “plateaus.”® The position of thep—n junction was deter-
no=2—4x10" cm 3. A p—n junction was created at a mined from the point of passage from the space-charge re-
depth ofwy=2.5 um by the isothermal diffusion of the ac- gion to the completely compensated region, i.e, the rapid
ceptor impurity zinwith a concentratiolN,) from the gas descent on the impurity profile, which changes into a straight
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DISCUSSION OF THE EXPERIMENTAL RESULTS

b The constancy of the sign and the linear character of the
Aw(E) curve are evidence that the mechanism for displace-
ment of thep—n junction upon laser irradiation remains the
same over the entire range of variation of the ener@ipso
disintegration of the materiglsit is known that in the range
of energies that do not lead to disintegration of a semicon-
ductor material, laser irradiation is accompanied by the co-
herent generation of active hypersonic waves, a plasma, de-

\ fects of the vacancy and interstitial types, lowering of the

1013

X -
N ,cm‘i

potential barriers, charge exchange involving impurity at-
07 oms, and heating. However, in our case either one particular

3 7 mechanism is predominant, or a set of mechanisms act in one
0 74 I 1 D rmm— So— direction.

7 2 J 4 Since thep—n junctions were irradiated in the short-
W, pm circuited state, the main external factors determining their
FIG. 1. Distribution profiles of zinc befor@) and after(b) the irradiation of dlsplacement al_’e gradlent, fields, meCha.mcal flémm 0
a p—n junction by a laser pulse. Irradiation regima:=0.53 um, the thermoglastlc stresgesr temperature f|_el_déthe factors
E=2x10"2 Jen?, t,=4x10°® s, K=100. Solid lines — typical distribu- Of an electrical nature are reduced to a minimum
tion of zinc (1) and tellurium(2) in the original samples. The irradiation of a semiconductor structure by an in-
tense photon flux from the region of characteristic absorption
leads to the creation of a nonuniform density of point defects
of the vacancy and interstitial types in the bulk of the mate-
drop(in F|g 1 it is marked by vertical arrowslt is seen that rial, which always leads to distortion of the Crystal structure
after irradiation byK =100 pulses, th¢—n junction is dis- and the appearance of internal mechanical stresses in a con-
placed into then-region over a distancAw=0.550+0.002 tinuous solid with limited possibilities for expansion. Such a
wm (from a depth ofw,=2.25 um). In addition, after laser situation promotes anomalous sharp acceleration of the im-
irradiation, an increase was observed in the steepness of tiglrity diffusion processe$.The generation of hypersonic
N; (W) curve (variation of the energy had little effect on the waves also acts in this direction. The impurity atoms diffuse
shape of the profile andN* decreased only slightly on the under the action of the mechanical forég; of plastic
portion of the curve corresponding to saturation. Figure deformatiom,®*!
presents plots of the dependence of the magnitude of the 4 1—12
displacementAw on the energy and number of irradiation Fezgﬁz G(Q;— Q) V(BT), (1)
pulses. A linear relationship betwednw andE, as well as a ( v)
linear dependence dfw on K, which becomes sublineéat  where v is Poisson’s ratioG is the shear modulus), and
K>100), are observed. We note that a tendency for motiom); are the elementary volumes of the host and the impurity,
of the p—n junction in the same directior(into the respectivelyV is Poisson’s operatof is the coefficient of
n-GaAs Py layen was observed in all cases. linear thermal expansion of the semiconductor material, and
T is the temperature.

On the other hand, under nonuniform heating caused by
enormous temperature gradients, forces which transport im-
purity atoms from hot to cold sites appear in a solid. The
appearance of thermal diffusion of an acceptor aluminum
impurity deposited on am-Si surface in a temperature-
gradient field was observed in Ref. 12. The expression for

-0.12 the thermal force k) acting on an impurity atom has the
2 form!?
~0.08 RS 1
2 Fr=—3Q20C(00/0)) VT, )
~0.04

whereC is the specific heat of the material, atd,/o;) is
the averaged ratio between the photon scattering cross sec-
tions on the host and the impurity, respectively.

Here it should be noted that the physical formalisms by
which thermodynamic and strain-induced factors act on an
FIG. 2. Dependence of the magnitude of the displacement ofpthe impurity atom are |(_jent|cr_:1I. . .
junction into then-region on the number of laser irradiation pulses for The rate of motion of impurity atoms in fields created by
E=2x10"2 J/cn? (1) and on the pulse energy fir= 20 (2). thermoelastic stresses or a temperature gral'_t:ﬁént

E,7/om?
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lium vacancies appearing as a result of the laser irradiation
V=i7(FctFr) (3 and thereby promote movement of the n junction into the
n-region, although to a considerably lesser degree than do
depends on the ratio betweér andFy. In (3) D is the  the Zng, ions.
diffusivity. As for the movement of the other dopant, viz., tellurium

Estimates ofF s and F1 using (1) and (2) showed that (Te,, or T} ions), whose concentration is constant across
for the parameters of the laser pulses presented above thige entire thickness of the GaAsP structure in the original
absolute value of the elastic deformation force always exsamples and remains unchangddy€2x 10" cm™3), its
ceeds the thermal force. Therefore, the direction of flow ofionic radius is greater than the covalent radii of @21 nm)
the dopant depends on the sign of the differefige- (). and P(1.10 nm.*3 Therefore, tellurium diffuses in the direc-

Let us analyze the data on the variation of the Zn distri-tion of the temperature gradient. The motion of the tellurium
bution profile after laser irradiatiofFig. 1). Since, on the jons toward thep-surface scarcely makes any contribution
one hand, the diffusion flud is related to the dopant con- (becauseN,,>N+.) to the specific junction resistance. The
centrationN by the direct proportionalify motion of tellurium away from thé, plane and toward the

J=VN @) n-GaAsP region is manifested most profoundly near the

boundary between tha- and p-regions. Such a situation
and, on the other hand, it is seen frofd)—(3) that leads to only slight displacement of tpe-n junction toward
V~gradT, i.e., in the region where the largest valueshbf the p-surface of the semiconductor structibecause of the
and gradT are attained, the rate of motion of the acceptorssmall magnitude of thel gradient in the vicinity of the
(zinc ions in gallium sites, i.e., Zg) is maximal. Therefore, P—n junction). It also promotes a slight increase in the mini-
as the integral flux of laser radiation increases, an increase ifium concentration of the dominant impurity detected on the
the steepness of thie* (Aw) profile will be observedsee boundary between the space-charge region and the compen-
Fig. 1). sated region after laser irradiatigwhich is marked by ver-

Let us consider the mechanisms for the displacement dical arrows in Fig. 1 SinceNz;>Nr in the p-region and
a p—n junction observed when a nonuniformly doped since there is a difference between the temperature gradients
GaAsP structure is laser-irradiated by strongly absorbed light the regions where the diffusion processes associated with
in comparison to the results of a numerical analysis of théhese impurities are most strongly displayed, the flux of zinc
processes occurring in a uniformly doped semiconductoions is considerably stronger than the flux of tellurium ions.
upon pulsed heatint}. As a result, theg—n junction boundary should move into the

In our case the ionic radius of the gnacceptors is N-GaAsP region, as is observed experimentédige Figs. 1
somewhat greater than the covalent radius of the Ga atbms,and 2. In this case an increase in the temperature and the
i.e., Q;>Qq. Therefore, the Zg, ions will move in the di- thermoelastic stresses causes the diffusivities of the impuri-
rection of the temperature gradient. Numerical evaluationgies to significantly surpass those not only for the stationary
showed that the temperature gradient, which reaches valuesise, but also for the case of the diffusion of these impurities
of 10° K/cm (Refs. 11 and 1R is located at a distance in a liquid (by three to four orders of magnitutje
I0=(4)\p‘1C‘1tp)1’2s 0.1 um from the p-GaAsP surface. An estimate of the rate of motion of zinc ions in a field
This inequality is enhanced when the sharp temperature def elastic stresses gawé=14 cm/s. We note that in the
pendence\ ~T~ ™, wherem=1-2 (Ref. 14, is taken into theoretical study} the maximum value of the rate of migra-
account. Consequently, the grions move from thé, plane  tion of impurity copper atoms wag=180 cm/s. However,
under the action of the summed foreg + F+, first, toward according to the results of the numerical calculations in Ref.
the surface of the semiconductor structure, where they form &1, the velocity dropped with increasing distance from the
heavily doped surfacp™-layer and, second, into the semi- region of the maximum temperature gradient. Thus, the ex-
conductor structure, where they promote diffusion of the zingperimental values 0¥ that we obtained closely fit the model
profile and, therefore, displacement of tpe-n junction of the thermoelastic interaction of the impurity atoms with
from the surface into tha-region of the GaAsP structure. the semiconductor lattice.

Since the concentration of zinc interstitid&n;") in the Movement of thep—n junction boundary into the bulk
p-region of a GaAsP structure is two or more orders of mag-of then-GaAs _,P, region was observed in Ref. 3 following
nitude smaller than the concentration ofé;n'ons,5 their  the irradiation of direct-gap structures by a stream of fast
contribution to the total flux can be neglected. However, weneutrons, which penetrated the semiconductor material with
note that since the ionic radius of Zris smaller than the practically no attenuation. However, the physical mecha-
covalent radius of G& the Zn" front moves against the nisms of the motion of the—n junctions in these two cases
direction of the temperature gradient, and this impurity dif-are different. In the case of neutron irradiation the main rea-
fuses toward thé, plane. This point is especially important son for the movement of thp—n junction is the uniform
for the second plateau on the zinc profile, which is caused bgeneration of gallium vacancies throughout the entire vol-
a dissociative diffusion mechanisinn this case the zinc ume of the semiconductor structure. Such a situation pro-
interstitials which penetrated far into theregion of the motes the migration of Zf, ions under the effect of the
GaAsP structure in the fabrication stage diffuse toward theoncentration gradient and the ion fluxes associated with the
p—n junction in a considerably weaker temperature gradidintrinsic electric field. In the case of laser irradiation by
ent. As they move toward the surface, they encounter galstrongly absorbed light, there is an exponential decrease in
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REVIEW

Capacitive Methods of Semiconductor Purity Control

L. S. Berman
Fiz. Tekh. Poluprovodr31 (June 199y

[S1063-782607)02906-7

The increasingly more stringent quality requirements forlevel centers are examined in detail: isothermal capacitance
semiconductor materials and devices are stimulating imrelaxation and DLTS, the constant capacitance method,
provements in both fabrication and purity control methodsdouble isothermal capacitance relaxation and double DLTS,
Together with the standard metho@feeutral-activation and  the isothermal current relaxation method, and current DLTS.
spectral analys)s in recent years the capacitive method of The applicability of the DLTS methods is analyzed. The
semiconductor purity control on the basis of deep-level cenpyincipal measurement setups are described: a setup with an
ters has been rapidly advancing. Neutron-activation and,g bridge and a setup with a digital bridge. Chapter 3
spectral analysis make it possible to identify impurities irre- ives a series of nonstandard examples of the application of

spective of whether or not they are electrically active. Thes he method. It is shown that the range of applicability of the

methods are destructive. The capacitive method makes |t o L

: . : : T method can be expanded by thermal and radiation activation
possible to identify deep-level centers, i.e., lattice imperfec- . . : -
. . . . . of the impurities. Chapter 4 examines the characteristic fea-
tions which directly influence the parameters of a semicon-

ductor. The capacitive method is highly sensitive, and forture-zs.c.)f the |.dent|f|cat|on of.deep-level centers in low-
devices withp-n junctions or Schottky barriers it is nonde- "€Sistivity semiconductors, taking account of the effect of a
structive. strong electric field, and in high-resistivity semiconductors,
Successful application of the capacitive method of semifaking account of the effect of the impedance of the diode
conductor purity control requires a knowledge not only ofPase. The regions of applicability of the capacitance and cur-
the possibilities but also the physical foundations of therent methods are compared for a diode with a high-resistivity
method and procedures for performing the measuremeniase. A contact-free method of identifying deep-level centers
themselves as well as analyzing the results of the measuré semiconductor materials is examined in an Appendix.
ments. These questions are the content of this monograph. The proposed monograph is the first such work in world-
Chapter 1 examines the physical foundations of the methodvide literature concerning this question. It is intended for a
trapping and thermal emission of electrons and holes in theyide range of specialists concerned with the development
space-charge region and capacitance and current relaxati@fd investigation of semiconductor materials and devices.
accompanying charge exchange on a deep level. The prin-  The English language edition of this book has been pub-
ciple of identification of deep-level centers on the basis ofiished in St. Petersburg.
the temperature-dependence of the thermal emission time is A ryssian language edition will be published in 1997.
substantiated. Chapter 2 is devoted to measurements. The
experimental methods of relaxation spectroscopy of deepFranslated by M. E. Alferieff
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ANNOUNCEMENT

650

Dear Readers,

An international scientific seminar on the subject “Fundamental aspects of ultrathin insula-
tors for silicon-based semiconductor devices” will be held in St. Petersburg on August 4-8,
1997.

The purpose of the seminar is to discuss the latest progress in the physics and chemistry of
ultrathin insulators(oxides, nitrides, and oxynitridesased on silicon, silicon carbide, and
Se—Ge compounds.

The seminar is sponsored by the NATO Science Committee.
Contacts:

Eric Garfunkel

Rutgers University

Piscataway, NJ 08855-0849

USA

Tel: 1-908-445-2747

Fax: 1-908-445-5312

E-mail: garf@rutchem.rutgers.edu

Aleksandr Yakovlevich Vul’

A. F. loffe Physicotechnical Institute

194021 St. Petersburg, Politekhnicheskaya 26
Tel: 7-812-247-91-07

Fax: 7-812-247-58-94

E-mail: vul@vul.ioffe.rssi.ru
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