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The influence of rapid-anneal conditions and subsequent coimplantation of oxygen ions on the
photoluminescence of erbium ions implanted with an energy of 1 MeV and dose of

5% 10%cm™2 in MOCVD-grown GaN films is investigated. The erbium photoluminescence
intensity at a wavelength 1.54 um increases as the fixed-tingg5 9 anneal temperature is raised
from 700 °C to 1300 °C. The erbium photoluminescence intensity can be increased by the
coimplantation of oxygen ions at anneal temperatures in the indicated range below 900 °C. The
transformation of the crystal structure of the samples as a result of erbium-ion implantation

and subsequent anneals is investigated by Raman spectrosco@9®American Institute of
Physics[S1063-782809)00101-5

INTRODUCTION as a function ofTy has acquired a maximum &t=800°C

) , Refs. 1,3, and ¥ The objective of our study is to investigate
The growing appeal of research on the luminescence of, ioluminescence in  the wavelength range~1.0

semiconductors doped with rare-earth elements stems from 1.6um for GaN:Er and GaNEr, O) samples after shorter

their promising potential for applications in optoelectronic 5nneals and over a wider range of temperatures than in pre-
devices. Gallium nitride is a promising material in this re- ;5 s papers: 700—1300°C.

gard. Most of the investigations to date have been directed
toward erbium-doped GaN. This choice is dictated by the
fact that radiative transitions of electrons from the first ex-EXPERIMENTAL CONDITIONS
cited state’l 15, of the EP™ ion to the ground statd 1, lie Undopedn-type GaN films with a carrier density
in the range of wavelengths corresponding to minimum ~10¥cm™2 and a thickness of 1.2m were grown on the
losses and minimum dispersion in optical fiber& ( (0001 surfaces of sapphire substrates by metal-organic va-
~1.54um) used in fiber-optic communications devices.  por chemical depositioftMOCVD). The growth procedure

In the majority of the studies erbium has been introducedentailed the deposition of a GaN buffer layer having a thick-
into GaN by ion implantation. Appreciable photolumines- ness of approximately 200 nm at a low temperats@o °O),
cence from Ef* in GaN has been observed only after high- followed by the growth of a GaN epitaxial layer at a high
temperature anneals of the implanted samples. The influenecemperature(1040°Q.2 Erbium ions with an energyE
of the conditions attending such anneals on the photolumi=1 MeV and doseD=5x10**cm 2 and oxygen withE
nescence of Bff has been investigated previously at anneal=0.115MeV andD =5x 10'°cm~2 were implanted at room
temperaturesT ;<1000 °C with long anneal time&f the temperature. The calculated projected range of the ions is
order of several tens of minutes’ As mentioned in Ref. 2, ~0.25um. The implanted samples were oven-treated to
anneals at temperatures above 1000 °C have been avoidadhieve a rapid thermal anneal B§=700—-1300°C for a
because of the risk of damage to the surface of GaN. Anime t=15-400s in a nitrogen stream. The samples were
analysis of the anneal conditions in Refs. 1-4 shows that awarmed by halogen lamps. In our experiments, therefore, the
Ty is raised for Er-implanted GakGaN:Ep, the photolumi-  warmup time to room temperature was always much shorter
nescence of Bf increases tdal,=1000°C. When oxygen than the anneal time.
has been implanted in GaN along with EGaNi(Er, O) Radiation from a halogen lamp, selected by a bandpass
sample$at a concentration 5—10 times the Er concentrationlight filter of SZS-24 optical glass, was used to excite pho-
the graph of the photoluminescence intensity*) of EF* toluminescence. The transmissi@f) spectrum of the light
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filter in the wavelength interval 0.3—1.65m is shown in  tion of both erbium and neodymiuor chromiunt ions. We

the inset to Fig. 1. The power of the radiation focused by sshould mentioned that we have not detected any significant
lens system onto the sample was held at a constant valudifferences in the nature of the photoluminescence spectra of
~50mW in all the experiments. The photoluminescence wa§&aN:Er and GaNEr, O) samples. For the sample in Fig. 1
recorded by means of a monochromator with 3-nm resoluthe photoluminescence intensity &t 1.538um increases
tion and an InGaAs photodetector operating at room temby a factor of 3.5 when the temperature is lowered from
perature. The light beam from the halogen lamp was modu300 K to 80 K. This factor increases by a factor of 3.9 for a
lated by a sector chopper at a frequency of 18 Hz. Thesimilarly annealed GaNEr, O) sample. The intensity of the
detector photocurrent pulses were transformed into an adefect-induced band at the maximum more than doubles for
voltage, which was recorded by a selective voltmeter. Theyoth types of samples after cooldown from 300K to 80K.
crystal structure of the erbium-implanted samples was inves-  Figure 2 shows graphs of the photoluminescence inten-
tigated by Raman spectroscopy. This method is one of theity of EF* ions at \=1.538um and of defects at

few by which it is possible to detect changes in the crystal=1.17um plotted as a function of the anneal temperature
lattices of the investigated objects in both short-range angor an anneal timet=15s for GaN:Er and GakEr, O)
long-range orders. The Raman spectra were measured on 88mples, measured at 300 K. It is evident from Fig. 2 that the
automated spectral instrument utilizing a double-gratingphotoluminescence intensity for ¥r increases asT, is
monochromator. Tha =488 nm line of an argon laser was rajsed from 700 °C to 1300 °C. Af,<900°C the photolu-
used for excitation, and thg power of th(_a exciting radiationqinescence in the GalEr, O) sample is higher than in the
on the sample was 30 mW in a spot of (:{!ametewm. All " GaN:Er sample, but the opposite relation between the inten-
the polarized spectra were recorded in “back-reflection gesjties is observed &f,>900°C. Strong emission from de-

ometry” at room temperature. The detector was a cooleqec,[S begins to show up @%,>1100°C and increases as the

photomultiplier in conjunction with a photon counting sys- anneal temperature is raised

tem. Figure 3 shows graphs of the photoluminescence inten-
sity atA =1.538um and 1.17«m as a function of the anneal

RESULTS AND DISCUSSION time of GaN:Er and GaNEr, O) samples at 1300 °C, mea-

Figure 1 shows the ph0t0|uminescence Spectra' me@Jred at 300 K. It is evident that the maximum photolumi-
sured at 300K and 80K, for a GaN:Er sample annealed dtescence signal at=1.538um for the GaN:Er sample is
1300 °C for 400s. In addition to the emission peak with adlready observed at=15s, whereas for the Gafir, O)
maximum atA=1.538um due to transitions of electrons sample the photoluminescence intensity increases with the
from the first excited stat# ;3/, to the ground levetl 5, of anneal time. For both types of samples the defect-related
the EF" ion, the spectra also contain a broad luminescencéiminescence intensity increases significantly as the anneal
band in the intervah ~1.0—1.4um with a maximum at  time is increased.
~1.17um and a series of small peaks in the vicinity Yof The Raman spectra obtained here can be used to trace
~1 um, which can be attributed to electron transitions fromthe structural transformation of the implanted layer as the
the second excited staté;;;, of the EF* ion to the ground anneal temperature is raised. Figurécdrve 1) shows the
state®l 15, (Ref. 2. The broad emission band in the interval Raman spectrum of a nonimplanted GaN sample. According
A~1.0-1.4um is associated with photoluminescence at deto the selection rules for the Raman spectrum of hexagonal
fects in the GaN, because it is observed after the implantasaN in our experimental scattering geomedtngre thez axis
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coincides with the optical axis of the GaN layethree lines trum of the implanted samples reflects the density of vibra-
should be observed. Two of them correspond to nonpolational states of the investigated samfleThe phonon
optical phonons of symmetr,, and their frequencies for density of states is one of the fundamental characteristics of
the unstrained GaN layer arB{"=145cm* and EY  a material. As a rule, relevant information is obtained from
=568 cm !, respectively’ The third line corresponds to the neutron scattering data. However, the current literature does
longitudinal component of a polar phonon of symmetrynot contain any such data, because GaN single crystals of the
A,(LO). Its frequency is close té\;(LO)=735cm * for  dimensions required for neutron experiments do not exist.
samples having a carrier density-1x10cm 2 and in-  Karch et al!* have calculated the dispersion of the phonon
creases as the carrier density in the sample increases. Theanches in relation to the Brillouin zone from first principles
Raman spectrum represented by culivis fully consistent for hexagonal GaN and have used their phonon dispersion
with the selection rules for the first-order spectrum of hex-data to reconstruct the phonon density of states. A compari-
agonal GaN. Investigations in other scattering geometrieson of curve2 in Fig. 4 with the phonon density-of-states
have also exhibited a good match of the experimental result&inction given in Ref. 11 reveals very good correlation be-
with the selection rules for the hexagonal modification. Thetween the two curves in the region of dispersion of both
investigated sample can therefore be classified as an epitaxiatoustic and optical phonons. The fact that the Raman spec-
layer of hexagonal GaN with the optical axis directed alongtrum obtained for a GaN:Er sample actually reflects the
the normal to the plane of the substrate. On the other handjngle-phonon density-of-states function of GaN is evidence
the small upward shift of the phonon frequencies indicate®f total relaxation of the wave vector selection rules as a
that the GaN is subjected to a stress of the order of 0.3 GPagsult of the high defect level of the lattice.

which has the character of a compressive stress in the plane Curves3-5 in Fig. 4 represent the Raman spectra ob-
of the layer. An estimation of the carrier density from the
position of the line A{(LO)=740cm ! gives n=3

X 10'cm™3. The difference in the densitias determined 12
from capacitance-voltage measurements and estimated fror o—
Raman data indicate nonuniformity in the distribution of
charge carriers in the sample volume.

Curve 2 in Fig. 4 represents the Raman spectrum of ar'é §
GaN:Er sample. This spectrum is extremely different from
curve 1, being characterized by broad bands in the interval &
50—750cm ! instead of the sharp lines obtained for the 2, 4
nonimplanted sample. The translational symmetry of the lat-"
tice is known to gradually disappear in implantation as the ;|-
dose is increased. As a result, relaxation of the wave vecto
selection rules takes place, and the spectra of the implante ~00 700 350 o0
samples acquire bands associated with phonon modes act. t,s
Vatec_l by disorder. A progressive redUCti_on in the inten_Sity OfFIG. 3. Photoluminescence intensity at 300 K, wavelengtksl.538um
the first-order Raman phonon modes is observed simultay 2 and x=1.17um (3,4), versus anneal time of GaN:Ed, 3 and
neously. In the final analysis, at large doses the Raman speGaN{(Er, O) (2, 4) at a constant anneal temperatiig= 1300 °C.
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tained from a GaN:Er sample annealed for a timel5s at ~ first-order Raman spectrum of forbidden acoustic phonons at
temperaturesT,=700°C and 1000°C and far=400s at the boundary of the Brillouin zone as a result of disruption of
To=1300°C, respectively. It is clearly evident that anneal-the ideal lattice by defects. Traces of bands associated with
ing atTo=700 °C causes sharp lines to appear at once in thehonon modes activated by disorder in the lattice are also
Raman spectrum near 568 chand 740 cm?, where they observed in the range of dispersion of optical phonons
are associated with phonons of symmefgandA,(LO) at (500750 cmi %).

the center of the Brillouin zone. The onset of lines corre-  On the whole, the transformation of the spectra of an-
sponding to long-wavelength phonons in the Raman spediealed GaNEr, O) samples is very close to the pattern
trum indicates the beginning of the restoration of long-rangeshown in Fig. 4. It should be noted, however, that in the
order in the lattice as a result of the annealing procedurespectrum of GaN:Er samples, beginningTat=1000°C, a
With a further increase in the anneal temperatse® curves line appears at a frequency close to 360 ¢mand its inten-

4 and5) the intensities of the phonon lines of symmelt§  sity increases as the anneal temperature is raised. In the spec-
andA,(LO) continue to increase, and the intensities of thetra of annealed GalkEr, O) samples the intensity of this fea-
bands associated with phonon modes activated by disorder tnre is almost an order of magnitude weaker. We note that
the lattice decrease. However, it is evident from a comparithe indicated line does not exist in the spectrum of the as-
son of curvesl and 5 that even a 400-s anneal @, grown sample, but we have observed the emergence of pre-
=1300°C has not fully restored the crystal structure. Thiscisely the same line in the spectra of GaN:Mg samflea-
result is indicated by the presence in spectfiof a band in  diation energy 100 keV, dosex&10°cm™2) annealed in a

the range of acoustic phonons with a maximum neamnitrogen atmosphere d,=1000°C and higher. The nature
130cm L. This band can be identified with the onset in theand specific characteristics of the behavior of the Raman line
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Influence of the energy transport of electrons by optical phonon emission on the
superluminescence and reversible bleaching of a thin GaAs layer excited by a strong
picosecond light pulse
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The dependence of the superluminescence and optical bleaching of GaAs during the interband
absorption of a strong picosecond light pulse on the photon erfesgy of the exciting

pulse is investigated experimentally. The bleachitrgnsmission enhancement, i.e., greater
transparencymainly reflects the density of the photogenerated electron-hole plasma.

Several events are observed when the distance between the energy level at which electrons are
generated and the level from which they undergo stimulated recombination is a multiple

of the longitudinal optical phonon energy. These events graniplification of recombination
superluminescence;) 2lowing of the increase in optical bleaching/a®,, is increased,;

and 3 an increase in the shift of the edge of the emission spectrum toward longer wavelengths.
These phenomena are qualitatively attributed to an increase in the fraction of transitions
involving the emission of. O phonons in the energy transport of electrons toward the bottom of
the conduction band and to the influence of this process on the heating of the electron-hole
plasma and the density of nonequilibrido® phonons. ©1999 American Institute of Physics.
[S1063-782609)00301-4

The emission of longitudinal opticdLO) phonons by  2x 10 cm™3, the development of phonon oscillations must
electrons can sometimes contribute significantly to the enbpe further inhibited by stronger screening against the inter-
ergy transport of electrons in GaAs. This connection has suraction of electrons with.O phonon?ﬁ
faced previously, for example, in experimental studies of the  Previously we have experimentally observed a different
energy relaxation of fast electrortsee Refs. 1-3 and oth- type of phonon oscillations in the carrier energy distribution
ers. Such experiments have been carried out at low temperdrom the kind described above. These oscillations were ob-
tures. The distribution of electrons in the conduction bandserved for a sample at room temperature with electron and
occurred below the energy level at which electrons werehole densitiesi=p>10¥cm 3. The energy levels at which
photogenerated. Transitions of photogenerated electrons the photogeneration of electrons took place were situated in-
lower energy levels through the emission ldD phonons  side(rather than above as in Refs. 1-tBe energy distribu-
resulted in the formation of “phonon” oscillations of the tion of electrons in the conduction band. In Ref. 7 oscilla-
energy distribution of electrons in the conduction band. Theions appeared during the vigorous energy transport of
oscillations were situated at some distance from the levebhotogenerated electrons toward the bottom of the conduc-
where electrons are generated, in the direction toward thgon band with the simultaneou# a picosecond time inter-
bottom of the conduction band. The period of the oscillationsyal) generation of an EHP and strong recombination super-
was equal to the longitudinal optical phonon enefgy 5.  luminescence. The oscillations were observed most clearly in
In typical situations phonon oscillations in GaAs have beenhe interval from the bottom of the conduction band to the
analyzed from the hot photoluminescence spectra at carriginergy levels at which electrons are generated. In lieu of an
densities~10"*~10'°cm™3, i.e., when the energy relaxation appropriate quantitative theory the onset of such oscillations
of fast electrons is dominated ByO phonon emission pro- were interpreted qualitatively as follows. Superluminescence
cesses. As the density of the electron-hole plagEidP)  recombination results in depletion of the population of elec-
increases, the development of phonon oscillations should bgons in the local region of energy states at the bottom of the
prevented by an increase in the probabilityof an electron  conduction bandsee, e.g., Ref.)8 The frequency of electron
escaping from the initial state as a result of interaction withtransitions into the depletion region with the emission of an
the EHP. According to Kashthe probabilityl' of an elec- LO phonon is found to be higher than the frequency of es-
tron escaping from an initial state with, say, an energy ofcape of electrons from this region with the absorption of an
0.3eV increases linearly with the density of the EHP andLO phonon. As a result of this inequality, repeated regions of
already atn=p=8x10"%cm 3 becomes commensurate depletion of the electron population of the energy levels are
with the probability of an electron emitting drO phonon  formed in the conduction band with a repetition period
(without the EHP I'e_| o=5.6x10"%s ! (see also Ref.5  %w o . It can be concluded from Ref. 7 that electron-phonon
When the density of the EHP increases aboventeraction(although weakened by screenfhis appreciable

1063-7826/99/33(1)/5/$15.00 10 © 1999 American Institute of Physics



Semiconductors 33 (1), January 1999 I. L. Bronevol and A. N. Krivonosov 11

in the energy transport of a dense EHP, initiated by superlu-

minescence recombination. This conclusion is confirmed in WsM/Vyof

the present study, where we have observed experimentall 10

that the energy transport of electrons by the emissiobf

phonons produces certain changes in the superluminescent N 0.8

and optical bleachingtransmission enhancemegmtf GaAs. :\h a.5 oM

The character of these changes fosters the assumption th = 2 ﬂ‘_z.

such transport also influences the density of the photogenet 0 d(fw,,)

ated EHP and the density of nonequilibriun® phonons. . ) _

We note in addition to the foregoing that electio@-pho- 01.40 744 7.48 752 -2

non interaction in GaAs has also occurred in Raman hwgy 5 eV

scattering when the EHP generated by a picosecond light

pulse had a density of (29)x 10"%8cm 3. FIG. 1. EnergyWM at the maximum of the superluminescence spectrum of
The investigated sample was an GaAs versus exciting photon energjyoe,. (®) F=0.5 mm,De,=1 arb.

. unit; (O) F=0.65 mm,D¢,~0.3 arb. unit. The normalized energy, is
Alo2f58 7AS—GaAs—Ab CaeAs  heterostructure  with equal to the value of the energy)' measured for an exciting photon energy

layer thicknesses of 1:21.6—1.2um, respectively, grown ., —1.538 eV and a spot diametér=0.5 mm; accordingly, the normal-
by molecular-beam epitaxy on a GafE)0—substrate. The ized energyW,, is the same fori we,=1.535 eV andF=0.65 mm. The

width of the x-ray diffraction reflection curve, equal to dot-dashed curve represent the grap¥e')/d(fiwe)?=f(fiwe,). In all
29 arcsec, characterizes the degree of defectiveness of tH flaures the solid curve is drawn as a visual aid.
GaAs lattice. The concentration of phonon impurities in the
heterostructure was<10°cm™ 3. The substrate was etched
on a 4x4-mm area. The AGa_,As layers, which were served in the measurement\8f (7 w,,) after major reduc-
designed to stabilize surface recombination and provide medions in the diameteF and the energy densit,, (which
chanical strength, were transparent to our experimental lightveaken superluminesceridé), for example, to
beam with% <<1.7 eV. A double-layer antireflection coating F=0.35mm andD,~0.1arb. unit. The antireflection coat-
of Si0O, and SiN, was deposited on the sample, therebying on the sample surface ruled out light interference as the
reducing the reflection of normally incident light from the explanation for the features on tN&) (% w.,) curve in Fig.
surface to no more than 2% in the actual environment of ouil. They are probably evidence of an increase in the superlu-
experiments. Bleaching was measured by the excite-prob@inescence energ\wg" due to an increase in the fraction of
technique, as in Ref. 10, at a fixed probe-beam photon enrransitions with the emission dfO phonons in the energy
ergy fiw,>hwe. The exciting (ex) and probe(p) light  transport of electrons toward the bottom of the conduction
pulses both had a duration of 14 ps and a spectral wialth band, induced by recombination superluminescence. In ac-
the basg ~6 meV. The degree of bleaching was charactercordance with this assumption, the points of maximum local
ized by the ratio logt¥T% (T is the transmittance of the amplification of radiatior{corresponding to maxima of the
sample, and the superscripts 1 and 0 indicate the excitatiomegative curvature of thelg"(ﬁwex) curve] occur in Fig. 1 at
and nonexcitation, respectivelywhich was calculated from photon energie we, ~f we'+kA (indicated by the kLO"
the results of measurements of the time-integrated energiesrows, wherefiw( is the photon energy at which the maxi-
of the probe and exciting pulses. The bleachingTogC) is  mum of the emission spectrum is situatel=#%0, o(1
proportional to the sum of the nonequilibrium-carrier popu-+m./m,)=40meV,%, =36 eV is the longitudinal opti-
lations of the energy levels associated with direct interbanadal phonon energym.,=0.06#n, and m,=0.5m; are the
optical transitiont® The time-integrated spectra of superlu- effective masses of the electron and the heavy hole, respec-
minescent radiation(generated in the photoexcitation of tively, andk=1, 2, 3. In the absorption of photofisue, the
GaAs for a duration in the picosecond rahg¥ and inves- distance between the energy level at which electrons are gen-
tigated, e.g., in Ref. )3wvere measured as in Ref. 7. erated and the level at which they recombine at the maxi-
Figure 1 shows the dependence, measured in our studmum rate is equal t&zw . The positions of maximum
of the enerngg" at the maximum of the sample superlumi- curvature of theN'g"(h wey) Curve were determined from the
nescence spectrum on the photon enérgy, of the exciting  positions of the minima of the functiodz(Wg")/d(hwex)2
light. The energy density of the exciting pulfe,=1arb. =f(fwe,), also shown in Fig. 1. Thé3LO) maxima of the
unit and the diameter of the focal spot of the exciting beamtwo WM (% we,) curves measured for spot diameters
F=0.5mm were held constant in the measurement of th&=0.5mm and 0.65mn{see Fig. 1 were observed for
dependencéV¥ (% w.,). Features in the form of steplike lo- somewhat different values ofiwey 3 COrresponding to
cal prominences were observed on thé'(%w.) curve equally different emission photon energidsoy ~fwey 3
(Fig. 1). In addition, we observed a feature on W (% we,) —3A.
curve in the interval wq,~1.49-1.54 eV for a pulse energy The amplification(increase in energyof superlumines-
densityD.,~0.3 arb. unit and a spot diameter=0.65mm  cence by the recombination of electrons transported to the
(see Fig. 1 (inconsequential technical differences in the op-bottom of the conduction band through the emission Of
tical systems preclude a more accurate comparison of thehonons is also manifested in oscillations of the width of the
pulse energy densities in measurements With0.5mm and  radiation spectrum{(FWHM) A% wg as a function off wey
0.65 mm). The above-mentioned features were no longer ob{Fig. 2). The oscillations are attributable to the fact that if
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FIG. 2. Width A7 w4 of the emission spectrum of GaAs versus exciting -
photon energyi we, for F=0.5 mm andD=1 arb. unit. N’ﬁ

such superluminescence amplificatiffior a fixed exciting
pulse is distributed nonuniformly along its spectrum and is
predominant, for example, on a side slope of the emission
spectrum, the result is a certain broadening of the emission
spectrum relative to the cagfor an exciting pulse with the
photon energyi wex) Where amplification takes place pre-
dominantly in the vicinity of the peak of the spectrum. The
emission spectral features shown in Fig. 3 are consistent with
the hypothesis that the amplification of superluminescence is
distributed nonuniformly along its spectrum for a fixed ex- §°
citing pulse, and that the region of predominant amplification \” A
shifts along the emission spectrum As,, is varied. A 2
prominencegindicated by the RO arrow) is observed on the
more gradual, short-wavelength slope of spectium the
vicinity of the photon energyi ws~% ws,— 2A. This kind of
prominence on the emission spectrum can be interpreted as
the amplification of superluminescence due to electron trans- 0, 36 1.38 1.2-0
port in the conduction band by the emissionL@ phonons hwg, eV
(referred to from now on asO transport. For spectrunil in

the same figure radiation with a photon enefgys~% wey FIG. 3. Emission spectra of GaAgepresented by curvds-lll ) measured
—2A (indicated by the PO arrow) now takes place on the for F=0.5 mm andDe,=1 arb. unit.(1) fiwe,=1.481 eVi(ll ) 1.46 ev
steeper, long-wavelength slope of the spectrum, where it i/ ) 1:504 €V. Curved—5 are graphs ofi"(Wy)/d(fwed”=f(fiwe,) 0b-

- ; . . e ained by differentiating the emission spectra measured(d}: % wgy
more Compllcated to |dent|fy the kind of small additional =1.481 eV;(2) 1.46 eV(3) 1.449 eV(4) 1.423 eV(5) 1.415 eV.
amplification noted for spectruh However, such amplifi-
cation can be discerned from the occurrence of correspond-
ing local minima on the graphs oB?(WJ)/d(Awy)? the amplitude of the spectrum, makes the peak of the spec-
=f(fhws) (see Fig. 3 This assumption is supported by the trum sharper, i.e., increases the curvature of the peak. The
observation of local minima at emission photon energiesame is true in regard to spectrdih in Fig. 3, where the
hws~hwe—2A, indicated by 2O arrows, on graph& and  peak lies in the vicinity of the photon energyws~7# wey
2 in Fig. 3, which represent the indicated dependence for-3A (indicated by a BO arrow). However, for the emission
spectral and Il. For the emission spectra that occur, for spectra obtained at higher exciting photon energies than
example, at lower exciting photon energies., the ampli-  spectrumlll (measured &t w.,= 1.504 eVJ the amplification
fication of the radiatioridue to theLO transport of electrons on the side slope of the spectrum fabs~#f w.— 3A no
in the region of photon energigsws~# w.,— A can be at- longer shows up with sufficient contragossibly because of
tributed to the onset of a local minimum on cur8atzw;  the large curvature of the slopes of the spect#acordingly,
=1.405 eV and the greater depth of the minimum of cutve oscillations of theAZ w¢(% we,) curve in this interval of pho-
athws=1.385eV than for curve8 and5. The spectral po- ton energiesi w., are now almost unobservable.
sitions of these minima are shifted relative to the photon = Whenfwe =% weyy, SOme of the photogenerated elec-
energiesi ws~h we,— A (indicated by 1O arrows in Fig. 3,  trons emitLO phonons and transfer to levels with a depleted
most likely on account of inaccuracy in determining the pro-carrier population, which correspond to the previously
file of the spectrum and also the finite width of the spectrunreported phonon oscillations of the electron energy distribu-
of the exciting light. The greater depth of the minimum attion. This process is conducive to the enhancement of elec-
hws=1.385€eV for curve4 than for curves3 and5 ties in  tron transport by the emission @O phonons and presum-
with the fact that the amplification of radiation, by increasingably to an increase in the density of these phonons.

1
142
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1376+ 1L0 WY¥(iwe,) curve reveals that in approximately identical in-
1 tervals of iwe, the graphs of the radiation amplitude and
i bleaching as functions df w., have curvatures of opposite
> 1372} aLa sign. This means that as the amplification of radiation with
« l increasing excitation energyw,, slows down, the bleaching
pAL - begins to increase more rapidly; when the radiation energy
PP lJLO begins to increase more rapidly, the bleaching increases
.68 | . )
more slowly. In other words, @w,., IS increased, the varia-
B tion of the growth rates of the radiation energg’ and the
1.364% . | \ | 4 . bleaching factor have opposite signs for equal values of
1.40 1.44 1.48 1.52 hwey.
ﬁwex,ev The observed correlation between the variations of the

bleaching and the radiation ener§y is tentatively ex-

it e i i . . .
FIG. 4. Position of the long-wavelength ede. .Of theegmlssmn spectrum plalned as follows. The denS|ty of the EHP is controlled by
versusfiwe, for F=0.5 mm andD=1 arb. unit ¢ wg is the photon en-

ergy at which the radiation energy at the long-wavelength edge of the emié:ecombination superluminescence and approximataky-
sion spectrum is equal to 0.04 glecting deviations from a quasiequilibrium distributicrat-
isfies the conditionu.— u,=E,4 (see Refs. 8, 10, and 16
where u and uy, are the Fermi quasilevels of electrons and
According to Ref. 15, the increase in th® phonon density, holes, respectively, an&, is the width of the band gap.
for example, when the temperature of the crystal lattice ofJnder these conditions the density of the EHP increases or
GaAs increases, has the effect of narrowing the bandegap decreases according to whether the temperature of the EHP
by virtue of electron-phonon interaction. Accordingly, the increases or decreass® We note that this behavior pro-
increase in the density of generated nonequilibrilt®  duces approximately reversible changes in the density of the
phonons whert we,=7 wey could further narrow the band EHP and, accordingly, in the bleaching as the intensity of the
gap. This assumption is consistent with the observed nonunexciting light pulse is variedsee Refs. 16 and L7The EHP
form shift of the long-wavelength edge of the emission specis heated by in-gap absorption of both the exciting fght®
trum asfi wey increases. This behavior is illustrated in Fig. 4, and the superluminescent radiafidf and also by the in-
which shows how the photon enerdywg, for which the  volvement of electrons with energies lower than the average
radiation energy at the long-wavelength edge of the spectrusonduction band electron energy in superluminescence
is equal to 0.04, varies dswey varies. recombinationt®2%22When electron transport by the emis-
Figure 5 shows the optical bleaching measured duringion of LO phonons(and the radiation energ\wg" in accor-
the exciting pulse at a fixed probe-beam photon energyjance with Fig. Lincreases ak w,, approache wy from
fiwp>fiwey as a function offiwe,. A comparison with the  pelow, the transfer of energy from the EHP to the lattice by
the emission oL O phonons is intensified. Accordingly, the
heating of the EHP akw. is increased and the concomitant

0.6 (heating-controllelincrease in the density of the EHP slow
down. The variation of the EHP density mainly determines
0.6 r— 0.4 the variation of the bleaching in the presence of superlumi-
0.2 nescence, as shown in Ref. 16. Consequently, the above-

described mechanism of slowing of the growth of the EHP
density asgh wey approaches wey from below also accounts

7.38 1.4% 150

Q’\
{ 045 Il e 70 for the corresponding variation of the bleaching. &y is
) I P increased above the enerdyw.,, the situation becomes
> - the opposite of before. Electron transport by the emission of
S I L~ JLo Ny ) : L .
o2k Al N LO phonongand the increase in the radiation enewy' in
) il i |2Lo 7 05330, accordance with Fig.)ldiminishes. The transfer of energy
; X from the EHP to the lattice by the emissionldd phonons
// T“” diminishes as well. Accordingly, the heating of the EHP as
g.0 YNNI T T S S [N (O E—] a hwey is increased and the concomitant increases in the den-
1.36 140 144 148 152 156

sity of the EHP and the bleaching become more pronounced.

Resgy s eV It is interesting to note that in Ref. 23, when

FIG. 5. Optical bleaching of GaAs versiiso,, for a probe pulse photon S_Uperlgmlnescengg-|nQUCed Raman scattering of the e.)SCItlng
energyfw,=1.557 eV ande,=1 arb. unit. Black triangles —4=6 ps, light with the participation of plasmons led to the amplifica-
F=0.56 mm; @) 74=0, F=0.5 mm; herery is the lag time of the probe  tion of superluminescence, the bleachit@md, accordingly,

pulse relative to the exciting pulse. The dot-dashed curve represents thga density of the EHPincreased as a result of the more
graph 0fW2"= f(hwey (taken from Fig. 1, the dashed curve is the calcu- . .
bng » . -~ intense heating of the EHP.
lated graph of loglMT)=f(fwe) at an exciting beam intensity . . .
250 MW/cn? (taken from Ref. 2 Inset: Bleaching of GaAs verstise, It is possible that the above-proposed explanation of the

for 74=12 ps,F=0.5 mm,De=1 arb. unit, andiw,=1.557 eV. observed correlation between the variations of the bleaching
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and the radiation energwg" does not cover all the bases. port can have a certain influence on superluminescence, the
However, a more scrupulous investigation of this problemheating and concentration of the electron-hole plasma, the
taking into account, for example, the variation of the lightenergy distribution of electrons, degree of optical bleaching,
amplification spectrum in GaAs as the heating of the EHPand the density of nonequilibriutnO phonons.
varies, etc., will require further experiments. This work has received financial support form the Rus-

The dashed curve in Fig. 5 shows a characteristic profilsian Fund for Fundamental Reseaf&hoject 98-02-173%7
of the bleaching as a function d&fw.<1.44 eV, calculated and the State Committee for Science and Technology of Rus-
in Ref. 22 on the assumption that the difference in the enersia.
gies at which an electron is created and recombines persists The authors are deeply indebted to Yu. D. Kalafati, V. I.
in the EHP after recombination of the electron. The calcuPerel’, and G. N. Shkerdin for a detailed discussion of the
lated bleaching curve clearly exhibits a continuous increaseesults and for helpful consultations.
in the bleaching as thkw, is increased. On the experimen- | . ) . )
tal curve the bleaching scarcely increases at all in the interval D. N. Mirlin, 1. va. Karlik, L. P. Nikitin, 1. 1. Reshina, and V. F. Sapega.
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It is known that Er-ion implantation and O-ion coimplantation into an amorphized Si layer affect

the final Er concentration profile when the layer is subjected to solid-phase epi@Rial

crystallization. This paper discusses how this effect depends on dose, energy, temperature, and the
parameters of the segregation model, i. e., the transition layer Widihd the coordinate

dependence of the segregation coefficigfd). Increasing the Er implantation dose as well as
decreasing the implantation energy and temperature dausedecrease and the

segregation coefficierkt to increase more rapidly at the initial stage of SPE crystallization. These
phenomena could be due to increased defect formation in the amorphous implanted layer.
Additional O coimplantation leads to similar changesLirand k(x), due to Er—O complex
formation. © 1999 American Institute of Physids$51063-7829)02401-1]

INTRODUCTION of 620 and 900° for 0.5at 3 h in achlorine-containing at-
. - mosphere consisting of a mixture of 1 mole % of carbon
One way to make light-emitting structures based Ontetra?:hloride in;fllui of oxyglt)a(ﬁu °

irlw:nigl'lns ¢ tX '?;ﬂ?‘sr?; E; I?Q:cr\:v [[t: Osbltlgi.elguimhg;e&nnél The depth profile of the impurity concentration distribu-
INg. A promising app ning hig tion before and after thermal annealing was measured by

centrations of optically and electrically active Er centers is to : “ "
. secondary ion mass spectrometry on the “Cameca IMS 4f
use doses that exceed the threshold for amorphizatian. y P y

th ¢ ing. th hautaver i ted apparatus. The change in the profile as a result of SPE crys-
the course of annealing, e amorpnauiayer 1S CoNVENed i ation was analyzed using the segregation model of Ref.
into a single crystat-layer via the mechanism of solid-phase

o 2 o 4. In this model, the coordinate dependence of the segrega-
epitaxial(SPB crystallization. In the process, the initial con- P greg

. . . . e . tion coefficient was described by the expression
centration profile of implanted impurities is strongly modi-
fied, due to segregation of impurities at the moviafc- K(x)=koks/{ko+ (ks—ko)exd — (Xa—X)/L]}, (1)
boundary” Prior to this paper, there have been no studies Ofyherek, andk, are the initial and maximum values of the
hpyv the redistribution of Er changes as the |mplant§t|on Con'segregation coefficient, respectively is the position of the
ditions change. In Ref. 4 we proposed a segregation Modghininum at the inflection point of the Er concentration pro-
for the redistribution of Er impurities during SPE crystalli- file, which appears after thermal annealingjs the local
zation of silicon layers amorphized by implantation. The Pa-.oordinate measured from the sample surface, laigl the
rameters of the model were the width of the transition layer . of the transition layer. The parametétsand L are

and the segregation coefficient, which depended on coordiy,sen 50 as to obtain the best agreement between calculated
nates. profiles and experimental ones. The initial value of the seg-

Our goal in this study was to investigate how ion im- o aiinn coefficient is determined from the expression
plantation conditions affect the redistribution of Er during

SPE crystallization and the parameters of the segregation

L
model. ko=C(xa)L/ fo Co(y)dy, 2

whereC(x,) is the concentration of impurities in the recrys-
EXPERIMENTAL CONDITIONS tallized layer forx=x,,Cy(y) is the initial distribution of

) - . ) ) . ) impurities after implantation, ang=x,—x is the local co-
Polished silicon films with(100) orientation were im-  grginate of the recrystallized layer.

planted using the “high-voltage engineering Europe B2K”
apparatus. The energy of the Er ions varied from 0.5 to
MeV, with doses ranging from %10 to 3.2<10cm 2.
Target temperatures during the implantation were 77 or 300 The effect of implantation temperature on the segrega-
K. Along with the Er ions, O ions were implanted with en- tion redistribution of Er was investigated for ions with a
ergies from 70 to 280 keV and doses in the rangel®°to  fixed energy of 0.5 MeV. Figure 1 shows the concentration
3.2x10%cm 2. The energy of the O ions was chosen inprofile of erbium at implantation temperatur@s=77 K
such a way that their range coincided with the range of the Ecurvesl and2) and T;= 300K (curve 4), measured before
ions. The films were then thermally annealed at temperatureéSPE crystallization at 620 °@urvel) and afterwardcurves

2PESULTS OF EXPERIMENT AND DISCUSSION

1063-7826/99/33(1)/5/$15.00 101 © 1999 American Institute of Physics
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FIG. 2. Dependence of the segregation coefficient on distance into the layer
(Eg=0.5MeV, T,=620 °C,t,=60 min). Implantation temperatuiig , K:

1 — 77, 2-4 — 300. Er ion dose, cit: 1-3 — 4X10*% 4 — 8
x10%cm™2. O ion dose, cm? 1,2— 0,3 — 4x 10, 4 — 8x 10,

FIG. 1. Effect of erbium ion implantation temperaturEg(=0.5MeV,
Dg=4X10*cm™2) on the Er concentration profile befot¢) and after
annealing(2 and4) at a temperatur&,= 620 °C fort,=60 min. Implanta-
tion temperaturd; , K: 1,2— 77,4 — 300. The parameters for theoretical
curves 3 and 5 werks=2.5; L, nm: 3— 31,5 — 42,

lization front is roughly 3 min. The subsequent anneal at
2 and4). It is clear from the figure that as the target tem-900 °C has no effect because of the small value of the diffu-
perature increasdd), the thickness of the amorphized layer sion coefficient for Er in the recrystallized layer
initially decreases from 0.24 to 0.1#m, and(2) the charac- (~10 *®cm?/s at 900 °C according to the estimates of Ref.
ter of the Er redistribution near the surface changes. AB). These facts also explain why the portion of the Er profile
T;=77 K the Er concentration decreases towards the surfacécated in the single-crystal substrate is unaffected by an-
whereas fofT;= 300K it increases. The calculated functions nealing(see Fig. L
3 and 5 describe the corresponding experimental profiles We also studied the effect of implantation dose on the
well for the following values of the parameter 31 nm at  character of Er redistribution and the segregation parameters
T;=77K and 42 nm afl;,=300K. The corresponding de- of the model for an ion energy of 1.0 MeV. Figure 3 also
pendences of the segregation coefficigfx) on the depth at shows the concentration profiles of Er before and after
which the layer is located are given in Fig(@rvesl and annealing for implantation doses of x40* and
2). It is clear from the figure that & =77K (curve 1) the 8x10*cm™?; the functionk(x) is plotted in Fig. 4(curves
segregation coefficient exceeds 1 as we approach the surfade;4). It is clear from Fig. 3 that increasing the implantation
whereas afl;=300K (curve?2) it does not reach 1, i.e., the dose increases the slope of the Er concentration at the initial
Er concentration decreases near the surface in the first castage of SPE crystallizatiofturves2 and5). This is due to
due to segregation of the Er by trapping in the recrystallizedhe rate of increase of the functid(x) at this stage, assum-
c layer, and accumulates at the surface in the second case ding that the rate of SPE crystallization is const@#e Fig. 4,
to segregation-driven outflow of Er. curves 1 and 2). Increasing the dose of Er ions from

Changing the anneal time at 620 °C from 0.5 to 3 hoursAx 10" to 3.2x10*°cm™? decreases the parameterffrom

and adding a subsequent anneal at 900 °C had virtually n65 to 40 nm. As we approach the surface, the segregation
effect on the character of Er redistribution, the parametgrs coefficients exceed 1 and approach a constant |&{e)
and kg of the coordinate dependenkéx), or the width of ~k,=1.3—1.7.
the transition layet (see Table)l These results indicate that The effect of an additional oxygen implantation on the
the time it takes the crystallization front to travel from redistribution of Er ions implanted at energies of 0.5 and 1
X=X, to the surface is much less than the anneal time. AcMeV was studied for oxygen doses exceeding the erbium
cording to the data of Ref. 5, the transit time for the crystal-dose by an order of magnitude. The Er concentration profiles
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TABLE |. Effect of anneal time and temperature on the parameters of the segregation model
(Ee=0.5MeV, Dg,=4x10"cm™?).

Sample Xa L,
label T, K Ta, °Clty, min pum ko kg um
104 300 620/30 0.215 5:410 3 25 27
98 300 620/60 0.24 47103 25 27
141 300 620/180 0.22 1221072 25 31
320 77 620/60+ 900/30 0.23 6.810°3 25 32
102 300 620/60+-900/30 0.21 1.%10°2 25 35

after implantation of O ions with subsequent SPE crystalli-no effect on the position of the/c-boundary, which corre-
zation are shown in Fig. 5, and the corresponding functionsponds to the position of the maximum at the inflection point
k(x) are shown in Fig. Zcurves3 and4) and Fig. 4(curves  of the Er profile concentration.

5-8). It is clear from these figures that coimplantation of For a fixed implantation dose we found that the energy
oxygen usually leads to an increasekgf and always leads of the implanted ions affects the erbium redistribution pro-
to an abrupt increase in the rate of growth of the Er concenfile. When the energy of the Er ions is increased from 0.5 to
tration and the segregation coefficient at the initial stages of MeV, the parametekr increases from 27—48 nm to 52—65
SPE crystallization. During subsequent SPE crystallizationnm. Although coimplantation of oxygen leads to a decrease
the Er redistribution is described satisfactorily by ain the width of the transition layer, the tendency forto
coordinate-independent segregation coefficidd(ix)~ks  increase with increasing erbium energy is maintained. The
=1.1-1.5. The parametdr decreases from 48 to 9 nm for width of this layer is roughly 9 nm foEg,= 0.5 MeV, 16 nm
Eg=05MeV and from 40-65 nm to 14-18 for for Eg,=1.0MeV, and 31 nm foEg,=2.0 MeV. The mag-
Eg=1 eV. Note that coimplantation of O ions has virtually nitude of the ion energy was found to have no significant
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FIG. 3. Effect of erbium ion implantation temperaturéc(=1 MeV, 300 FIG. 4. Dependence of the segregation coefficient on distance into the layer
K) on the Er concentration profile befo(@ and4) and after annealing2 (Eg=1 MeV, Eq=135 keV,T,=620 °C,t,=60 min). Er ion dose, c?:

and 5) at a temperaturd ;=620 °C for t,=60 min. Er ion dose, cit: 1,5—4x10" 2,6—8x 10" 3,7— 1.6x10%, 4,8— 3.2x10'%, Oion
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effect on the initial and final values of the segregation coefe.g., the appearance and growth in the density of states of
transverse acoustic phonons in the wave number range

ficient.
All the parameters of the ion implantation process undeiaround 200 cm? in the Raman scattering spectra of light

study were found to affect the character of the segregationwith increasing doseé.
Coimplantation of O ions was found to abruptly increase

induced redistribution of Er strongly, changing the rate of
growth of the Er concentration at the initial stage and thek(x) at the initial phase of SPE crystallization and to de-

character of the impurity distribution near the surface duringcreasd.. Since co-implantation of O ions does not lead to an
the final stage of SPE crystallization. These changes, whicincrease in the thickness of the amorphized layer, the reason
are well described in the framework of the segregatiorfor the growth ink and decrease af is probably not so much
model! are explained by the change in the width of the tran-a decrease in defect content of thdayer as it is a manifes-
sition layerL, which determines the rate of increase of thetation of the chemical nature of oxygen atoms, for example,
segregation coefficient, both with thickness of the recrystaltheir ability to form Er-O complexe%® An increase in the Er
lized layer and with the maximum value of the segregatiorsegregation coefficient when O ions are coimplanted was ob-
coefficientks which controls the character of the segregationserved previously in Ref. 10, and is explained either by the
near the surface. The width of the transition layer decreasdermation of Er-O complexes, which lower the conversion
with decreasing temperature, increasing dose, and increasimgithalpy of Er from thex- to thec-layer, or by a decrease in
implantation energy. All of these parameters of the implanthe density of Er traps in the amorphous layer.
tation process affect the change in the defect content of the Thus, we have established that all the ion implantation
implanted layer: increases in the implantation dose and dezonditions discussed here—temperature, dose, and energy, as
creases in the energy and temperature of implantation amgell as co-implantation with O ions—have a significant ef-
accompanied by an increase in the local concentration diect on the segregation redistribution of Er during SPE crys-
implantation defects introduced into the single-crystal sub+allization. Using our segregation model, it is possible to
strate. When the threshold for amorphization is reached, thparametrize this effect in terms of three quantities: the width
implanted layer is amorphized. Subsequent increases in thaf the transition layel, and the initial and final values of
implantation dose lead to an increase in the defect content dhe segregation coefficient. The decreasd.a$ connected
the already amorphized layer. Evidence for this behavior iswith accumulation of defects in the amorphized implantation
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Fano effect in the magnetoabsorption spectra of gallium arsenide
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The magnetooptic absorption spectra of high-quality homoepitaxial GaAs layers in a magnetic
field Bup to 7.5 T atT=1.7 K are investigated. It is shown that the Fano effect is

involved in the formation of certain lines of the magnetooptic spectrum. The parameters of the
phenomenological Fano function are determined. It is shown that polariton effects of the
diamagnetic exciton play a significant role in the investigated processed4.999 American
Institute of Physicg.S1063-782809)00401-9

1. INTRODUCTION or, similarly, to the presence of a region of negative effective
mass of one of the series of the Landau level for heavy holes
The magnetoabsorption spectra of bulk crystals arend, accordingly, the diamagnetic exciton setidspossible
known to be formedsee, e.g., Ref.)lby a set of diamag- relationship of this phenomenon to the onset of the Fano
netic exciton series “linked” to corresponding transitions effect in semiconductors has been reported recérgving
between Landau subbands that act as dissociation edges. Beecess to ultrathin samples of extremely perfect GaAs crys-
cause of the strong anisotropy of the motion of electrons anthls, we have thought it might be feasible to test this possi-
holes along and across the magnetic field in this case, eaddility by comparing with other versions.
series in strong fields acquires a form typical of a one-
dimensional quantum state and inherent, for example, in the
. . . . . 2. SAMPLES AND EXPERIMENTAL TECHNIQUE
optical absorption of quantum wires. This pattern was first
successfully observed in InSb crystalshere the Elliott— We have investigated samples of high-quality pure GaAs
Loudon strong-field conditiong>1, wheref=#Q/2Ry*;  [n<5x10"cm™3, us7=(1—1.5)x10°cn?/(V-s)] grown
Q is the sum of the electron and hole cyclotron frequencieshy vapor-phase epitaxy on(a00-oriented GaAs substrate.
and Ry is the exciton binding energys easily attained for The samples were reduced to a “prequantum” thickness of
the exciton ground state by virtue of the smallness of thet.4—0.3um by chemical etching of the thicker epitaxial
exciton binding energy and the proper effective mass of théayer. Samples of this series have also been used for experi-
electron. It becomes clear that the same is true for crystals iments to investigate the temperature dependence of the
which the Elliott—Loudon condition for the ground state canlinewidth® and the thickness dependence of the amplitude
no longer be satisfied, but where excited exciton states arand total absorptiohfor the ground state of the exciton se-
observed prior to the application of a magnetic field. Hereries. The results of Refs. 8 and 9 clearly demonstrate the
the Elliott—Loudon condition holds primarily for excited exciton-polariton character of low-temperature energy trans-
states having a lower binding energy and greater radius, arfér over the entire central region of the cross section of the
the magnetooptic spectrum is formed by a scheme similar teample exclusive of zones of thickness of the order of
that of the “Rydberg” states of atoms and moleculéEhe  0.1um associated with surface layers up to temperatures of
first successful observations of such spectra were reported the order of 105K. Polariton transfer effects vanish at
the early seventie’® They are characterized by a set of very T>105K (Ref. 8 and also aff =1.7 K, but only in regions
narrow spectral features far greater in number than the exexposed to the strong, nonuniform electric field created by
pected number of line§udging from the spectra of allowed the charge of surface stateEither effect is attributable to an
transitions between Landau subbandshe composition and increase in dissipative damping, so thatforI"., wherel’,
structure of the spectra have been found to result from thés the critical dampingl'¢=2E(2«xA,1/Mc?)Y?, the spa-
superposition of a whole series of effects, which could not bdial dispersion of excitons is suppressg@reE,, is the ex-
properly interpreted until comparatively recently, whereupornciton resonance energWy, 1 is the longitudinal-transverse
a method was devised and substantiated for calculating theplitting, « is the dielectric constant, and is the transla-
binding energy of diamagnetic excitons. Certainly one in-tional exciton mags Thus, the overall pattern of the low-
stance of these puzzling and until recently unfathomabléemperature “absorption” of such “prequantum” objects is
phenomena is the extremely unusual shape of certain lines governed by competition between the magnitude of the ab-
the magnetoabsorption spectrum with their distinctive long-sorption in three thickness zones of the sample: two outer
wavelength “tail” and sharp cutoff, sinking deeply into pho- surface zones characterized by maximum absorption, which
non absorption from the short-wavelength side. There havdepends on the strength of the exciton oscillators or the
been recent attempts to attribute this nature of the spectrédngitudinal-transverse splitting, +, and a middle zone, in
lines to the Franz—Keldysh effect for diamagnetic excitons which “true” absorption is nonexistent, but the variations of

1063-7826/99/33(1)/5/$15.00 15 © 1999 American Institute of Physics
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FIG. 1. Spectra of the magnetoabsorption coefficient of Gé#ssaday geometjyat T=1.7 K andB=7.5 T. (a) Right-circular polarization, calculated
transition energies1) a~(1)a®(1—1); (2) b~ (1)b%(1—-1); (3) a*()a®(l—1); (4) b*(1)b°(I — 1), wherel=1, 2, ... are théole Landau numbers, which
increase with increasing energy, the longest-wavelength transition correspondiad tdb) Left-circular polarization, calculated transition energilk)
a (Da%(1+1); (2) b-(Hb*(1+1); (3) a™(Na’(1+1); (4) b"(1)b°(I+1); the longest-wavelength transition correspond$=td. for a~ andb™~ and to
|=—1fora* andb®. The dashed lines represent spectrum in zero magnetic field. The rectangular boxes frame the lines analyzed {hthe@)a°(1);

(I a=(3)a%(2); () b*(0)b%(1); (IV) b*(1)b°(2). The superscripts+, —, andc refer to the light-hole, heavy-hole, and electron magnetic subbands,
respectively(see Refs. 11 and)5

the optical transmission of a sample that complies with theof the magnetooptics of “Rydberg” exciton states, when at
“prequantum” condition, i.e., has a thickness commensuratdeast one excited state{=2) is detected aB=0 in addi-

with or smaller than the ballistic length of an exciton polar-tion to theground state. They are similar to those observed
iton, is determined entirely by the magnitude and variation ofinitially in early studie4® and later in Ref. 10. Up to photon
the real dissipative damping. For our magnetooptical experienergies exceeding the band gap by one or even two factors
ments we have selected upper-limit “prequantum” samplesthe longitudinal optical photon enerdif), o the spectrum

i.e., samples having thicknessds-3—4 um. To estimate consists of a set of very narrow lines having a half-width
the physical sample thickness, we used the known value qFWHM) smaller than 1 meV. Only at energids> Eq

the absorption coefficient &=0 in the continuum region, + 240, 5 does the magnetoabsorption spectrum lose its fine
where polariton effects are eliminated by dissociation of thestructure and begin to resemble “oscillatory” magnetoab-
bound state. Here the thicknedf the crystal can be esti- sorption. It is interesting to note that while thinner samples
mated asl=D/a*, whereD is the measured optical density with d<1 xm can be used to exhibit spectra unique in their
at E=1.525eV, anda*=8x10°cm ' (Ref. 5. Optical  width, which can extend up tov> Eg+ Ao, WhereA, is the
measurements were performed in a liquid-helium medium agpin-orhit splitting, in no way are they distinguished by the

a temperature of 1.7 K. The magnetooptic absorption spectrigresence of such a fine structure of lines in the range
were determined for a broad range of magnetic fielfsto  h,<E_+2%0 . A method for calculating the binding en-
7.5T) with irradiation by left-handed circularly polarized ergies of diamagnetic excitons in connection with various
(LCP) and right-handed circularly polariz¢RCB) light. The  ansitions between Landau subbands has been proposed and

free-form technique of packing and performing experimentsested in the example of InP crystdltn the final analysis,
on the samples without any kind of attachment or adhesive igyis method essentially entails the numerical solution of the

described in Ref. 5. one-dimensional Schdinger equation and provides remark-
able agreement between theory and experiment for photon
energiedhv>Ey(B), setting the stage for the totally rigorous
analysis of elements of the band structure and its parameters.
The general appearance of the resulting magnetoabsorp¥e have used the method of Ref. 3 and achieved good agree-
tion spectra for the two circular polarizations in Faraday ge-ment for the principal spectral lines of GaAs. The positions
ometry atB=7.5T is shown in Fig. 1. We note that the of the transitions between Landau subbands in this case are
spectra shown here are quantitative, having been plotted t@glculated using modified Pidgeon—Brown equati¢ese
show the values of the absorption coefficient but bearing irRef. 5. A theoretical spectrum representing the spectrum of
mind that the possible polariton nature of the detected linetransitions between Landau subbands is given along the en-
partially detracts from the real meaning of the ordinate scaleergy axes of Figs. 1a and 1b; the spectrum in each case is
because formally an optical polariton is nonabsorbing, anshifted toward lower energies by amounts equal to the dia-
the given data must be interpreted as a conditional absorptiamagnetic exciton binding energies. It is evident from the
calculated from the transmittance of the sample in the samfigure that by and large the deviations from the theoretical
manner as the true absorption. The spectra are quite typicapectrum plotted in this way do not exceed an amount of the

3. "QUANTITATIVE” OSCILLATORY
MAGNETOABSORPTION SPECTRUM OF GaAs
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order of 1 meV with the exception of energy intervals in
which electron-phonon coupling is highly pronoundédf

we then look at the absorption spectrum recorde®at0
(dashed curves in Figs. 1la and,llve see that in the vicinity

of E4 this spectrum is not equivalent to the frequency-
integrated magnetooptic spectrum, as predicted by magneto-
absorption theorysee Ref. b without regard for polariton
effects.

Our processing of the spectra enables us to identify with
certainty the parts of the spectra in which we observe un-
usual behavior of the spectral lines, i.e., behavior that does
not fit into conventional notions of exciton magnetoabsorp-
tion spectra. There are at least five such spectral regions )

Absorption coeficient

associated with the strongest transitiona™ (2)a‘(1),
a~(3)a%(2) andb™(0)b%(1), b™(1)b%(2), b™(2)b%(3) in
the RCP and LCP spectra, respectively. An unusual feature is
the sharp cutoff of a line on the short-wavelength side and its _ _ _ ,
deep penetration into phonon absorption, along with the eXII;IG. 2. 'Scher'natlc represe_ntgtlon of the formatlon qf the spec;rum Qf dia-
- . agnetic excitons and variations of the line shape in connection with the
tended “tail” on the long-wavelength side. On the other Fano effect(interference of the discrete line of the diamagnetic exciton
hand, only symmetric behavior could be expected from arground state is constructive to the left of line A and destructive to the right
exciton line in general, and the sawtooth profile of the den-Of line A). The regions of spectra of Fhe_continuum and their boundaries are
. . . . . shown hatchedy=0, 1, 2 are the principal quantum numbers of the one-
sity of states of free carriers in a strong magnetic field is;
known to exhibit the opposite tren@ee, e.g., Ref.)5 An
especially strange feature, however, is the formation of a
relatively deep “pit” in the continuous spectrum near the
short-wavelength wings of the lines. We also note that ga° b°), we can expect multiple superpositions of discrete
greater number of such features can be observed in weakbfes on the continua associated with four groups of diamag-
magnetic fields, beginning with the long-wavelength sidenetic excitons for each polarization. Each series of diamag-
and skipping the first line of the spectrum. Interestingly, thisnetic excitons, taken separately, comprises a sequence of dis-
first line, in contrast with those that follow, is totally sym- crete lines, a quasicontinuum consisting of merged discrete
metric. states, and a true continuum that is an inverse square-root
function of the photon energy. Figure 2 shows our postulated
pattern of superposition of the first two series of diamagnetic
4. LINE SHAPE ANALYSIS IN TERMS OF THE FANO excitons for the transitionb+(_ 1)b®(0) and b+(0)bc(1),
EFFECT which are dominant in the beginning of the LCP spectrum.
Fand?® has investigated the many-particle problem of in-Also shown here is a schematic representation of the spectral
teraction between continuum states and a discrete level arfdlanges resulting from the Fano effect. The scheme most
has demonstrated the existence of constructive-destructivéearly approximates the actually observed pattern of an LCP
interference between states, which has the effect of distortingPectrum in which the discrete diamagnetic exciton levels
the spectral profiles of both the discrete line and the conassociated with the state”(0)b°(1) overlap the continuum
tinuum. The Fano effect has been observed in atomic an@f the statéo™(—1)b°(0). Forlocal modeling of the experi-
nuclear spectroscopy in cases where the discrete and contingiental data we have used the phenomenological Fano func-
ous spectra overlap. In this situation the probability of tran-tion in the form
sition from an arbitrary initial state to a continuum has a

imensional exciton.

characteristic dependence, which can be described as follows . . _ [((E-Q)/T—q]? 2
in application to, for example, a discrete level near0: (B)= 1+[(E—Q)/IT]>’ @
(e+9)? . .
= T+ed (1)  where( is the energy of the corresponding resonance Jand

is the linewidth. The parameters of the Fano resonances have
wheree is the dimensionless transition energy in the discretdbeen determined by curve fitting and are summarized in
spectrum in units of linewidth, and is a quantity propor- Table I; the phenomenologicé#itted) and experimental line
tional to the ratio of the amplitudegnatrix elements of  shapes are shown in Fig. 3. It follows from an inspection of
transition between states of the discrete spectrum and transiable | and Fig. 3 that the agreement is good, especially in
tion in the continuous spectrum. Bearing in mind the generalight of the appreciable noise generated by series of lines that
character of the interband magnetooptic spectrum as havingriginate from other types of transitions and are not involved
been formed by the superposition of individual diamagnetidn the interacting system. This consideration is evident in the
exciton series associated with optically active combinationgxample the weaker experimental maxima to the left and to
of four sequences of quantum states in the valence barthe right of the absorption line analyzed in Fig. 3. The re-
(a*, b*) and two such sequences in the conduction bandulting data can be used to refine the “true” positions of the
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TABLE I. Phenomenological parameters of certain magnetooptic absorptiopbserved in the magnetoabsorption spectra as a consequence
lines of GaAs, evaluated by fitting the Fano function to the expenmentalof the Fano effect. We note that the Fano effect has been

data. observed in magnetooptic absorption spectra at dozens of
Evmes &V Epa €V spectral lines in much earlier studi&$put without appro-

Polarization ~ Transition experiment  theory g T, ev priate interpretation. It is interesting that this effect probably

RCP a (2)a%(1) 15386 15387 438 3.9¢10°4 also occurs in the_ magnetoa}bsorption of other materia]s

RCP a"(3)a%2) 15537 15538 —4.10 3.5¢10°4 when samples of high perfection are used, for example, in

LCP b*(0)bS(1)  1.5457 15458 —3.18 4.1x10* InP (Ref. 3 and in CdTe(Ref. 15. Bellani et al*® have

LCP b*(1)b%(2)  1.5662 15674 —357 4.x10° demonstrated the extinction of the Fano effect in the magne-

tooptic spectra of luminescence excitation in GaAs as a re-
sult of electrons and holes interacting with longitudinal op-
|ineS, which are shifted 0.1-1.2 meV toward h|gher energiest'ical phonons. When the magnetic field is increased until the
to estimate the half-width of the linds as 0.35-0.42 meV, distance between the corresponding electron Landau levels is

and to ascertain the asymmetry facteq. equal to the longitudinal optical phonon energy, polaron in-
teraction attains resonance, and one observes anticrossing of
5. DISCUSSION OF THE RESULTS the level corresponding to Landau quantum numbewith

the virtuall .— 1 level shifted from the origin by the amount

Ag t?]na.IgS's of :r;e trhesuItRs ]Icea\ées SSGnO ;;h?;lcedl_)ut t Q| 0. Now a conspicuous feature is clearly observed on the
regard the ideas set forth In Rels. > and © as 10 the dlamagy, as ofl" as a function ofq|: They rise, tending to infin-

netic exciton absorption line shapes observed in GaAs crysify’ and the line shape becomes more nearly Lorentzian,

tals as not fully consistent. Indeed, the phenomenon is Obéhedding its “sawtooth” appearance. A similar behavior can

served for both heavy-hole and light-hole transitions, Ieavingbe witnessed in the results of Refs. 12 and 17. where the
no room to dev_elop the !deas in Ref. 5 associated with th ffects of interaction with a longitudinal optical phonon have
region of negative effective mass of one of the systems o een studied in detail in GaAs samples of extremely high

heavy-hole Landau level®{ ;). Not to be overlaoked is an quality, as well as in our experimental work. The Fano effect

explanation based on the possibility of tunneling into d'afis found to be a very universal phenomenon and, as becomes

magnetic exciton states under the influence of an elecm(t‘flear, can also be observed in impurity photoionization spec-
f'eld. (an effect of the Keldysh—Franz type, first discussed fortra (see Ref. 18 and in quasi-two-dimensional structures
e?<C|ton states by'Merkquv and Perel" in Ref.)]bbth by . with a relatively broad quantum well.In the latter case an
virtue of the relative smallness of the regions of the Skm'inverse line shape with positivefor the forbidden_ H3E1
l;‘ger/(:ﬁlfo;] 0 u:hsamplefaccorc:;r?g to Rg' 9(’1 ;ve have transition can be observed. The absolute valug iotreases

sc¢ 0 |n the samples used in ours @n ecause  as the magnetic field is increased, eradicating Fano interfer-
the “sawtooth” line shape clearly_observed over the entlreence and imparting symmetry to the lines as a result of dis-
extent of the spectra fdiv>Ey(B) is not observed at all at crete structure of the continuutin Faraday geometyy
the first line of the magnetooptic spectra, which does not We note, however, the emergence of a new fact. Al the

have a backgrognd of continuous stat-es. . . above-described phenomena appear to be observed primarily
Thus, following the rgsults described in the precedmgm samples exhibiting polariton behavior of the discrete ex-
section, we can concur with Ref. 7 and regard the line shapeaton lines, wher'<T',, and, accordingly, spatial dispersion
effects are significant. The application of a magnetic field
35 preserves the polariton properties at least for the first dia-
magnetic exciton series. This result demonstrates that not
only does the intensity of the first magnetoabsorption line not
increase, as might be expected in connection with magnetic
enhancement of the strength of the transition oscillator, but it
even decreases in a magnetic field. Observing the behavior of
the half-width of lines associated with higher energy states
for higher Landau numbers.=1, we can assume that the
indicated trend remains possible up to energies<Ey(B)
+2%Q, o, where the condition'<I'. most likely still
holds. With increasing energy, the dissipative damping in-
creases as a result of the probability of emission of an optical

w
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o

N

-

Absorption coefficient, 102 em”’
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05 |
phonon, and the lines begin to broaden considerably, losing
0 : . . . their “fine structure” at high energies. On the other hand, a
1.54 1.542 1.544 1.546 1.548 1.55 magnetic field merely diminishes the dissipative damping,

Energy, eV promoting the “flareup” of lines. This assertion in all like-
lihood is supported by the distinct observation of a set of

FIG. 3. Example of numerical fitting of the line shape by means of the Fanq, 5 6,y |ines in spectra recorded in relatively weak fields
function. The point symbols represent the experimental data contained in the

rectangular box Il in Fig. 1itransitionb™ (0)b(1)], and the solid curve is B = (2__3) T, W_h_en the interval () ; contains many mag-
fitted according to Eq(2) using the parameters in Table I. netooptic transitions, up tQ=15—20.



Semiconductors 33 (1), January 1999 Vasilenko et al. 19

The polariton nature of the lines of the discrete spectrum  The authors are grateful to G. N. Aliev for helping to
breaks down their quantitative relationship with the discreteobtain the spectra in Fig. 1 and also to U.sRler for kindly
spectrum. While the intensity of the continuum states is desending us results from T. Hornung'’s dissertation.
termined entirely by the strength of the transition oscillator, , _ .
the area of the discrete lines is only a measure of the true R. P. Seisyan and B. P. Zakhamheng alandau Level Splecnoscqpy

i . - : ; . . edited by E. I. Rashba and G. Landwehorth-Holland, 199] p. 345.
dissipative damping, increasing with until the levell'; is 2| M. Kanskaya, S. I. KokhanovskiR. P. Sésyan, and Al. L. Eros, Fiz.
attained; it then remains constant and corresponds to theTekh-]PolumovodnlS, 1854 (1981 [Sov. Phys. Semicondl5, 1079

; el o (198D)]. )

strength_ of the sta_te oscillator. The_ magneti fle!d_|_nduced iN-g ) Kokhanovski Yu. M. Makushenko, R. P. Seyan, Al L. Hros,
crease in the oscillator strength with the possibility of a si- 1 v vazeva, and M. A. Abdullaev, Fiz. Tverd. Telaeningrad 33,
multaneous decrease in the effective linewilitltauses the 1719(1997) [Sov. Phys. Solid Stata3, 967 (1997)].
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Correlation between the material parameters and conditions for the excitation
of recombination waves in Si  (S)

M. K. Bakhadyrkhanov, U. Kh. Kurbanova, and N. F. Zikrillaev

Tashkent State Technical University, 700095 Tashkent, Uzbekistan
(Submitted April 1, 1998; accepted for publication May 25, 1998
Fiz. Tekh. Poluprovodr33, 25—26(January 1999

The conditions for the self-excitation of current oscillations in the form of recombination waves
in sulfur-doped silicon are investigated as a function of the electrical parameter&Spf Si
samples. The data reveal regular and reproducible self-excited oscillations with controllable
parameters. A distinct correlation is established between the resistivities and the type of
conductivity of the SiS) samples, and the parameters for the excitation of recombination waves
are determined, specifically, the excitation electric field and temperaturd.99® American

Institute of Physicg.S1063-782809)00501-3

Many authors have investigated self-excited oscillatoryforded the possibility of determining the paramet@sipli-
processes in various semiconductor matefialéAn analysis  tude and frequengyand waveform of the current oscillations
of the data in these papers reveals, despite the acquisition wfith high accuracy.
several interesting results, essentially a failure to exploit the The results of the investigations show that self-excited
functional capabilities of this important phenomenon in eleccurrent oscillations of the recombination wave type are ob-
tronics. The dilemma stems from the following factors. served when the sample is exposed to an electric field in

1. The results are difficult to reproduce, and a clear corexcess of a certain threshol&>E,. It has been estab-
relation is lacking between the parameters of the materialished that under identical conditiofise., for the same tem-
the excitation conditions, and the parameters of the selfPerature and illuminangethe value ofEy, is determined
excited current oscillations. mainly by the resistivity of the material. We have therefore

2. Self-excited oscillations are observed in these materilvestigated self-excited current oscillations in(Si as a
als in high electric fields, in a narrow temperature interval,functionp. It should be noted that three to five samples were
and in illumination by light at a definite wavelength. prepared for gach value of the resistivity to obtain rellab_le

3. The amplitude of the self-excited current oscillations@nd reproducible results and also to establish a correlation

and the percentage modulation of the oscillations are smafietweenEy, andp. The data show that self-excited current
[I=1-10, K=(0.1-30)%].

In view of these considerations, the main objective of the
present study is to establish laws governing the variation of
the current self-excitation conditions as a function of the pa-
rameters of compensated silicon with a view toward gener-
ating stable, reproducible oscillations with prescribed and
controllable parameters.

We have chosen single-crystalline silicon compensated
by sulfur atoms as the object of investigation. This choice is
dictated by the availability of a well-developed, reproducible
technology for the preparation of such materfaiszor the
investigations we usedl11l)- and (110-oriented single-
crystalline p-type silicon, marks KDB-1 and KDB-10, with
an oxygen content of (56)x 10" cm™ 3. A well-developed
technologff was used to diffuse S in the Si. The diffusion
regimes were chosen in such a way as to yield uniformly
doped S{S) samples with various resistivities in the range
p=10—10° Q-cm at T=300K and with bothp-type and
n-type conductivities. The self-excited current oscillations 10 . , e
were investigated in a cryostat designed so that the tempera- 702 102 0% 10°
ture, the electric and magnetic fields, the illuminance, and Q.om
the pressure could be varied between wide lifiit€. The Fr
self-excited current oscillations were recorded on an S1-48B_ 1. pependence of the threshold fiig, for current self-excitation in
oscilloscope and an SKI-56 spectrum analyzer, which afihe form of recombination waves on the resistivity ifSisamples.

0’}

Eihr ,V/em
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160 to 250K as the resistivity increases front B0* Q) -cm
3501 to 1¢° QO -cm. In overcompensata® SiS) samples both the
upper limit and the lower limit decrease slightly with in-
3001 creasingo, and the finite domain of existence of self-excited
current oscillations occupies the temperature interval 230—
< 250 I 330K. It should be noted in this regard that reproducible
> | self-excited current oscillations are observed in this tempera-
200 | ture interval, independently of the resistivity and the type of
conductivity. The dependences of the paramefansplitude
160 p-type : n-type and frequencyon the temperature, the electric field, and the
I resistivity of the S{S) sample are similar to data in Ref. 13.
740 " . ! Lyt L L ) In contrast with the data in Refs. 1-11, therefore, for the
w0 10d w* 10° 10° 1* 0° 1® firsttime we have established a clear-cut correlation between
PyS2ecm the excitation conditions, the parameters of the self-excited

current oscillations, and the parameters of the material.
FIG. 2. Temperature domain for the existence of self-excited current oscilThese investigations are conducive not only to the generation
lation as a function of the resistivity gFtype andn-type S{S). of regular and stable self-excited current oscillations, but
also to the reproduction of this phenomenon over a broad
range of temperatures and resistivities of silicon, providing a
oscillations of the recombination wave type are observedasis for the fabrication of solid-state oscillators with con-
over a broad range of resistivitigs=10°—10° )-cm for  trollable parameters.
p-type S{S) and in the rangep=10°—10*Q-cm for the
n-type. It is evident from Fig. 1 that the threshold electric ;N- Holonyak and S. F. Beracgua, Appl. Phys. LEt72 (1963.
field for recombination waves increases linearly with the re- g'ersi'cg?;;erﬁso'gfl'& ;fkh' Poluprovod, 1685 (1979 [Sov. Phys.
sistivity, and this dependence can be described by the equas "G kalashnikov and G. S. Pado, Fiz. Tekh. Poluprove@in1028

tion (1969 [Sov. Phys. Semicond®, 864 (1969].
4Yu. I. Zavadski and B. V. Kornilov, Fiz. Tverd. TeldLeningrad 11,
Ein=Eo(1+ap), 1494(1969 [Sov. Phys. Solid Statel, 1213(1969].

. . . SM. K. Bakhadyrkhanov, A. A. Tursunov, and K. Kitarov, Fiz. Tekh.
where Eq=30V/cm is the threshold electric field for a Poluprovodn4, 966 (1980 [Sov. Phys. Semicond4, 571 (1980].

sample withp=3x10?)-cm, and the coefficient has a s, G. Kalashnikov and G. S. Pado, Fiz. Tekh. Poluprovc@in1028
valuea=3.19 (Q-cm) L. (1969 [Sov. Phys. Semicond®, 864 (1969)].

It is important to note, in contrast with the recombination - V- Karpova and S. G. Kalashnikov, Fiz. Tekh. Poluprovodd, 954

des | tigated in(®in> and S{zn mol that (1978 [Sov. Phys. Semicond.2, 563(1978)].

wave mp €s Investiga e. ( > a ( > samples, a' 8A. Sh. Abdinov and V. K. Mamedov, Fiz. Tekh. Poluprovodr, 754
self-excited current oscillations are observed over a fairly (1980 [Sov. Phys. Semicond4, 442 (1980].
broad interval of resistivities of the &) samples, and that gM-kPE- Bakhg(dzrkha?ov,zB.[ Z Sha:]ripov, ar;]d S:. I Askazov, giJS’ma zh.

; ; ; ; ; Tekh. Fiz.18(4), 52 (1992 [Sov. Phys. Tech. Phy48, 115(1992].
their threshold fielde, is relatlvely IO\.N' The amplitude and 10, v. Karpova, S. G. Kalashnikov, O. V. Konstantinov, and V. 1. Perel’,
waveform of the self-excited oscillations are stable, and the gi; texh. Poluprovodné, 1155(1972 [Sov. Phys. Semicond, 1011
percentage modulation attains 40% in this case. (1972].

The temperature ranges in which self-excited current OSJ;]'M. K. Bakhadyrkhanov, Kh. M. lliev, A. Khamidov, and I. P. Parmanku-

cillations exist as a function of the resistivity and type of |1oc\)/z'11F ('i'gg;']‘h' Poluprovodr5, 1731 (1999 [Sov. Phys. Semicon@S,

conductivity of the SiS) samples are shown in Fig. 2. ItiS 120, v, Konstantinov and V. I. Perel’, Fiz. Tverd. Telleeningrad 6, 3364
evident from the figure that for compensatpdype S{S) (1964 [Sov. Phys. Solid Stat8, 2691(1964)].

samples the upper temperature limit for the existence of selfl-sg"s- Eéggk{‘:;yfkga”‘?v agd ltJ ;g- %“beggva’ Fiz. Tekh. Poluprovodn.
excited current oscillations is essentially independenp of ’ (1994 [Semiconductor@8, 739(1994)
and attainsT =350 K, while the lower limit increases from Translated by James S. Wood
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Self-compensation in PbSe:TI thin films
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Processes of defect formation are investigated in epitaxial PbSe:TI films prepared by vacuum
evaporation from molecular beams at various condensation temperatures from mixtures

with a thallium content of 0—1.6 at. %. It is established that an increase in the content of the
acceptor impurity in the film is accompanied by a significant increase in the number of selenium
donor vacancies through the self-compensation mechanism. The thallium concentrations in
the films are determined, along with the impurity transport coefficients, which vary from 0.82 to
0.44 as the condensation temperature varies from 250 °C to 350 °C. The carrier densities

are calculated theoretically as a function of the thallium content in the films. The noticeable
discrepancy between theory and experiment for thallium concentrations in thilfjlm

<0.3at. % is attributed to the presence of growth-induced nonequilibrium donor defects in the
sample, whose influence is taken into account by simply substituting their concentration

into the electroneutrality equation. Estimates based on self-compensation theory lead to the
conclusion that the films must be evaporated at-400 °C to obtain films having a

low carrier density. ©1999 American Institute of Physids$$1063-782609)00601-§

It is a well-known fact that a thallium impurity in PbSe PbSe and a secondary source containing lead. The molecular
manifests acceptor properties and produces one hole per imapor streams were mixed directly in the vicinity of the sub-
purity atom in the valence band. Self-compensation in equistrate surface. The substrate temperatlife was 250—
librium bulk PbSe:Tl samples has been studied in détail,400 °C, the temperature of the main source was 700 °C, and
where it has been shown that the acceptor action of thalliunthe temperature of the secondary lead soliggwas varied
is compensated by solitary, doubly ionized lead donor vacann the range 100-650 °C.
cies. The properties of PbSe:Tl films has been investighted.  In the first part of the paper we use a procedure de-
Film samples differ from the bulk kind primarily in that they scribed in Ref. 4 to obtain estimates of the concentrations of
are prepared under nonequilibrium conditions. The temperahallium and electrically active native defects in the PbSe:TlI
ture at which vacuum evaporation is performed is mucHilms. The principal relation used to calculate the correspond-
lower than the homogenizing anneal temperature of bulkng concentrations is the electroneutrality equation, which is
samples. The drop in temperature makes it difficult to exhibitwritten as follows for PbSe:TI:
the self-compensation effect, because the width of the band - 2- . 2+
gap E4 and the density of states in the barldg and Ny, Np+2[Vp, [+ n=2[Vg. ]+p, Y
decrease. Moreover, bulk diffusion processes are insignifiwhere Ny, is the thallium concentration in the filnﬁ,\/%g]
cant during the preparation of film samples, and the domiand[vég] are the concentrations of lead and selenium va-
nant role is played by diffusion directly onto the growth cancies, anah andp are the densities of electrons and holes,
surface. In Ref. 3 it has been determined from several indirespectively.
rect clues that despite the nonequilibrium growth conditions, In turn, the quantities needed for the calculations have
the self-compensation effect occurs in PbSe: Tl thin films jusbeen obtained in experiments to compare the carrier densities
as it does in bulk samples. However, a lack of reliable infor-in a set of films prepared in identical technological regimes
mation about the content of the TI impurity in the PbSefrom mixtures with a constant thallium content but different
samples made it impossible for the authors of Ref. 3 to carrgxcess lead contents. At sufficiently high doping levels the
out a quantitative analysis of the experimental data. dependence has at least two characteristic segments for

In the present study we have obtained quantitative inforwhich the carrier density does not depend on the excess lead
mation about the onset of the self-compensation effect inn the sample. The first corresponds to the part of the region
epitaxial PbSe:Tl films. This information has been acquiredof homogeneity where the relation®Ny>[Vp, and
by analyzing the dependence of the density of current carriN{>[ Vg hold and, accordingly, the electroneutrality con-
ers in the samples on the content of thallium impurity anddition has the formNy=p. The length of this segment in-
stoichiometrically excess lead. creases with the impurity concentration. The second seg-

We have investigated lead selenide films prepared bynent, which corresponds to saturation of the carrier density,
vacuum evaporation onto oriented BaF11) substrates by refers to samples with the limiting excess Pb contertud-
the procedure described in Ref. 4. Two independent sourcésg two-phase samplgsObviously, the impurity concentra-
were used for deposition: a main source containing Tl-dopedion is determined from the results of measurements of the

1063-7826/99/33(1)/4/$15.00 22 © 1999 American Institute of Physics
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a0 we haveNt;=p=2.8x 10°cm 3. These data can be used to
estimate the transport coefficient of Tl impurity from the
mixture into the film for various deposition conditions. The
transport coefficient is defined as the ratio of the Tl concen-
tration in the film to its content in the mixture. The calcu-
lated mixture-to-film transport coefficients of Tl are 82%,
62%, and 44% affx=250°C, 300 °C, and 350 °C, respec-
tively.

We now turn to region Il. The interval of saturation in

PR S T T T B Lot 41 this region characterizes films saturated to the limit with Pb.
100 200 300 400 500 600 700 For films prepared from a mixture witNy=0.2at. % the
0* | Tops © 2 saturation level im=1.7x10"%cm 2 at T(,=250°C,n=2

x10¥ecm ™3 at T(=300°C, and p=1.1x10"cm 3 at
" Tx=350°C. For films prepared from a mixture with
19 Np=0.4at. % the saturation level dt,=350°C isp=2

& x10"¥cm™3,

Using these data, we can calculate the density of defects
in the film at various condensation temperatures and thallium
70 impurity contents. For these calculations we use a simplified
electroneutrality equation obtained with allowance for the
FIG. 1. Density of current carriers in PbSe:TI:Rbersus temperaturépy, Condition[V§§]>[V§E], which is obvious for the given re-

of the secondary lead sourdeé;;=0.2 at. %. Substrate temperatifg: (1) gion and reduces Eql) to the form
250 °C;(2) 300 °C;(3) 350 °C.

N +n=2[V3 ]+p. 3

carrier density in samples associated with the first intervalWe infer from Eq.(3) that forN;=0.2 at. % and', =350 °C
the carrier densities in the second segment characterize thiee concentration of donor defects i$V§;]=O.67
self-compensated sample. x10%cm 3. For Npy=0.4at. % andT,=350°C we have
The foregoing considerations are illustrated by typical[ V4. ]1=1.3x10'cm 2. On the other hand, the concentra-
experimental plots, shown in Fig. 1, of the carrier density agion of native defects, calculated from the phase diagram, is
a function of the temperatur@p, of the secondary lead approximately X 10'%cm 2 (Ref. 1). These data show that
source for a set of PbSe:Tl films deposited from a mixturean increase in the thallium concentration in the film increases
with a 0.2 at. % Tl content. It is evident from the figure thatthe concentration of donor defects, which is equivalent to
the curves have two constant-density segments: one in thaising the limiting solubility of Pb in a PbSe film by increas-
region of low vapor flux densitie@t low temperature3py, ing the TI content. This result is direct evidence of the onset
region ) and the other in the region of high vapor flux den- of self-compensation in epitaxial PbSe:TI:Pb films prepared
sities (high Tpy, region I). In region | the quantity of lead by vacuum evaporation.
entering the film in the described experiments is much lower  Using the procedure for the determination M, in a
than the injected TI impurity concentration, so that the ex-film, we attempt to describe qualitatively the characteristic
cess Pb does not influence the carrier density. Also, in thifeatures of self-compensation in PbSe:TI:Pb films. It follows
region from the self-compensation theory developed in Ref. 2 that
NS [V2 ]~ [V2: ] the most complete ?nformation apout defect-forming pro-
m Se Pbt: cesses can be acquired by analyzing the dependence of the
The quantity [V3]—[V3,] in the experiments on the carrier density on the thallium content in samples saturated
vacuum evaporation of undoped PbSe films has been estie the limit with lead. Consequently, to investigate the char-
mated as being of the order of #@m3, i.e., an order of acteristics of self-compensation in PbSe:TI:Pb films, we have
magnitude smaller than the concentratidf. This consid- prepared series of such samples with a thallium content in
eration can be used to simplify E€l), which then assumes the mixtureN=0— 1.8 at. %. The experiments were carried
the form out at substrate temperaturég =250 °C and 350 °C. The
N= = @) thallium congentr_ation in Fhe samples was estimated from the
=P Tl concentration in the mixture with allowance for the trans-
i.e., the hole density in segment | is equal to the concentraport coefficient determined in the preceding sections. We
tion N in the film. note that precipitations of the second ph#&Bb&) were ob-
The saturation level in region | for films prepared from a served on the surfaces of all the samples in this series, indi-
mixture containing 0.2 at. % thallium i8=2.8x10cm3  cating that the boundary of the region of homogeneity had
at a substrate temperatufe=250 °C,p=2.1x10cm 3 at  been approached from the excess-lead side.
a substrate temperatureT,=300°C, and p=1.5 The dependence of the carrier density on the thallium
x10¥%cm 2 at a substrate temperatufig =350°C. For a contentNy in samples saturated to the limit with lead at a
different mixture compositiorf0.4 at. %T) and T¢=350°C  substrate temperatuiB =250 °C is shown in Fig. 2a. It is
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FIG. 3. Calculated curves of the carrier density in PbSe:Tl versus thallium
content. Substrate temperatuirg: (1) 350 °C;(2) 450 °C;(3) 550 °C;(4)
650 °C.

density is large and changes insignificantly. The theory

:.. ) v agrees with experiment if we assume that nonequilibrium
donor defects are present in the samples, having been formed
»7L there as part of the film growth processes. If the nonequilib-

rium defects are taken into account by simply adding their

FIG. 2. Carrier density versus thallium concentratibly, in PbSe:TI ~ concentration to the electroneutrality condition
samples saturated to the limit with Pb at different substrate temperatures _ o
Ty : (a) 250 °C; (b) 250 °C. The points represent the experimental results, Np+n=p+2[Vse ]+ Ng, (4)

and the curves represent the results obtained by calculations according to theh N. is th trati f ilibri defects. th
theory in Ref. 2(dashed curvgsand according to the same theory with whereN, IS the concentration of nonequilibrium defects, the

allowance for additionalnonnative defects(solid curves. experimental and theoreticalashed curve in Fig. 2&urves

are found to agree, for all practical purposes, over the entire

range ofNy. The concentration of nonequilibrium defects,
evident from the figure that the carrier density varies insig-calculated from the carrier density in undoped lead selenide
nificantly in the region of smalNy<0.16 at. %, electrons films saturated to the limit with lead, is equal to 2.8
are the majority carriers, and their density is of the order ofx 10'%cm™ 2 at a substrate temperatufg =250 °C.
2.8x10%cm 3. When the concentratioNy, in the film is The dependence of the carrier densityMp in samples
increased above 0.16at.%, the hole density increasesaturated to the limit with lead and preparedat=350 °C is
abruptly, and the type of conductivity changes. Now theshown in Fig. 2b. It is evident from the graph that a sharp
point of total self-compensation corresponds toincrease in the hole density and a change in the type of
Np~0.2 at. %. The carrier density varies only slightly with a conductivity are observed &, is increased in the range of
further increase in the thallium concentration. For the giverlow thallium contents. ANy>0.1 at. % the hole density in-
film deposition conditions we have carried out a theoreticatreases smoothly ady is increased. We note that all the
calculation using a previously propogechodel of self- samplesexcept the as-growrexhibit acceptor conductivity
compensation of the thallium impurity by solitary vacancies.and a carrier density of at least¥@m™3. A point of total
The calculated dependence of the carrier density on the thaself-compensation has not been observed experimentally in
lium concentration atT,=250°C is represented by the the given series. The concentration of nonequilibrium defects
dashed curve in Fig. 2a. It is evident from the graph that then PbSe:Tl films grown aflfc=350°C is estimated to be
experimental and theoretical curves are in good agreemegtx 108cm™3. Figure 2b also shows the calculated depen-
for Ny;>0.5at. %. The main differences in the behavior ofdence of the carrier density on the thallium content. Clearly,
the curves is observed at low thallium concentrations. In thighe theoretical and experimental curves are in good agree-
range the theoretical calculation predicts that the change iment for a substrate temperatufg=350 °C. We note that
type of conductivity afT =250 °C takes place at very low the concentration of nonequilibrium defects decreases con-
thallium concentrations, while foN;>0.1at.% the hole siderably as the condensation temperature is raised. For ex-
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ample, their concentration afx=250°C is equal to 2.8 In summary, the reported investigations show that the
x10°cm™3, and at T¢=350°C it is equal to 2 compensation of the doping effects of the thallium impurity
X 10¥cm™3, i.e., is an order of magnitude lower. in epitaxial PbSe:TI films is well described by the theory of

It follows from these data that the experimental curvesmMpurity self-compensation by solitary, doubly ionized va-
of the carrier densities as a function W, in epitaxial Pb- ~ cancies. The discrepancy between theory and experiment at
Se:Tl films are satisfactorily described on the basis of thdhallium concentrations in the filmNy<0.3at.% is ex-
model of impurity self-compensation by solitary vacanciesPl@ined by the presence in the samples of nonequilibrium
with a simple procedure for taking nonequilibrium defectsdonor defects associated with growth processes; the influ-
into account, and the influence of nonequilibrium defects cafnce of these defects is taken into account by simply substi-
be disregarded in films preparedBt>350 °C. This means tuting their concentration into the electroneutrality equation.
that the behavior of, p=f(Ny) for PbSe:Tl films prepared Estimates based on self—pompensation theo_ry lead to the con-
at T,>350 °C can be estimated from the results of calcula<clusion that the preparation of samples having a low density
tions using the model of impurity self-compensation by soli-Of current carriers requires evaporation of the films at a sub-
tary vacancies. The results of such calculations are shown ipirate temperaturé,>400 °C.

Fig. 3. An analysis of the curves reveals the following. As

Tk is raised, the point of total self-compensation shifts to- *N. Kh. Abrikosov and L. E. ShelimovaSemiconducting IMVI com-
ward higher Concentratio-nuﬂ’ and the d-eriva-'tived(n Zeo?nlgzggasg\fs\i?uﬂ (IN:}(L;:(:(;VM;J;EO\\(I\G lIgl-?i)glvich Fiz. Tekh. Poluprovodn
—p)/dNy also de_creases in the VICIn.It)./ of this point. We can 28 '369(1994 ’[Ser.nilconduct(’)rQB, 223 ('1994)]_ e ' P '
conclude from this behavior that raising the substrate tem=1 a Gavrikova, V. A. Zykov, and S. A. Nemov, Fiz. Tekh. Poluprovodn.
peratureT¢ in the deposition of epitaxial PbSe:Tl films 27, 200(1993 [Semiconductor27, 112(1993].

should facilitate the preparation of samples with low carrier *V: A- Zykov, T. A. Gavrikova, S. A. Nemov, and S. A. Rykov, Zh. Prikl
densities and improve the reproducibility of the technical Khim. 71, 526 (1999.

results. Translated by James S. Wood
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A complete set of fundamental optical functions of fulleri@g) films in the range 1.5-7¢eV is
calculated from the known spectra of the imaginary and real parts of the dielectric
permittivity. The total permittivity spectrum is expanded into elementary components. Three
main parameters are determined for each compoftieatenergy of the band maximum, the band
half-width, and the oscillator strengthAn interpretation of these components of the

permittivity is proposed on the basis of published theoretical band calculations for fullerite.

© 1999 American Institute of Physids$1063-782809)00701-3

In recent years there have been many publications on thievo shortest-wavelength bands. The maxima of the real part
third (after diamond and graphitenodification of carbon —  of the dielectric consrant; are situated at 2.4 eV, 3.18eV,
the giant Gy molecule — in the form of a free molecule 4.1eV, and 5.3eV, i.e., they are shifted approximately 0.3—
(fullereng, in solutions, and in the solid statéullerite) as  0.4eV toward higher energies from thg maxima. The
thin films and small single crystals® The absorption spec- spectra of the reflection coefficieRtand the refractive index
tra of free Gy molecules and g molecules in various sol- n also contain four principal bands; the maximanoéind e
vents as well as the absorption and reflection spectra of fulare very close to each other, while the reflection bands are
lerite have confirmed that the individuality of the electronic shifted quite far toward higher energies, with tRenaxima
structure of the g, molecule is retained, for the most part, in near thes, maxima. The curve representing the numbgy
the crystaP=8 of valence electrons involved in transitions up to a given

Fullerite Gy is the lowest representative of the fullerite energy E closely resemble thee, spectrum, where
C, group. The properties of fullerites can be modified con-ngs=0.25 and 1.5 in the first two long-wavelength transi-
siderably, including elevation of the superconducting transitions (E<4 eV) and~6—10 in the next two, strongest tran-
tion temperature to 30 K, by the intercalation of various im-sitions (E=4.5-5.5eV). The maxima of the bulk and
purity atoms. It is therefore of fundamental importance tosurface electron loss characteristiesime ™! and —Im
investigate the electronic structure of fullerite over a wide(1+¢) !, situated at~6.5eV and 6 eV, are associated with
range of intrinsic absorption energies. the excitation of 7-plasmong the remaining maxima at

The objective of this report is to remedy deficiencies in2.8eV, 3.7 eV, and 4.9 eV and the structures-#.1eV are
Refs. 7 and 8, to derive a complete set of optical functions oshifted approximately 0.05-0.5eV from tleg maxima and
fullerite in the energy range 1.5—7 eV, and to determine theare attributable to transitions similar in nature to those iden-
most complete spectrum of optical transitions and their patified with thee, maxima.
rameters. This complete set of fundamental optical functions of a

The most accurate spectra of the imaginary pag) @nd  fullerite Gg, single crystal in the energy range 1.5-7 eV af-
the real part £,) of the dielectric constant of Gfilms inthe  fords the first graphic evidence of the relationship of their
range 1.5—-7 eV have been obtained in Ref. 7 from the roomstructures and gives them absolute numerical values. It can
temperature reflection and transmission spectra. The filmke used to analyze the spectrum of possible transitions in
were deposited on fluorite and fused quartz substrates atgreater detail and for theoretical calculations of the electronic
substrate temperature of 393 K. The air-exposed surface afructure.
the film changes with time. The spectra of the reflection  Chiu et all! have measured the transmission spectrum
R(E) from the films through the substraf€igs. 1 and 2  of a thick (thicknessd=0.3 cm) G single crystal. Accord-
were therefore used for the calculationsegfande,;. We  ing to the calculations, allowed direct transitions begin at an
calculate all the remaining optical functions on the basis ofnergyE~1.7 eV (300 K). The experimental data on the ab-
the spectra in Ref. 7, using standard equafiéhgFig. 1). sorption spectra of & thin films in the range 1-6 eVRef.

The experimentak, spectrum contains maxima at 2.75eV, 12) are in good agreement with our calculated data on the
3.55eV, 4.50eV, and 5.50eV, along with a weak band apositions of the maxima of the bands and the values of the
~2.05eV and a step at 2.5eV. The calculated absorptioabsorption coefficient. The spectrum of characteristic elec-
functions p (absorption coefficient k (extinction coeffi-  tron losses of g, films, obtained with use of high-resolution

ciend, and E¢, have a similar structure except that the instrumentation, contains peaks at 2.8 eV, 3.7 eV, and 4.8 eV
maxima are shifted approximately 0.05 eV toward higher en{Refs. 13 and 14 in good agreement with our calculations.

ergies, and the absorption coefficignis a maximum in the The good agreement between the cited experimental

1063-7826/99/33(1)/5/$15.00 26 © 1999 American Institute of Physics
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datd!~*and our calculated data for the absorption and charef the total curve is often reconstructed by a setNo$ym-
acteristic electron loss spectra attest to the reliability of themetric Lorentz oscillators with parametelgs (energy, H;

£, ande; measurements in Ref. 7 and our calculations of thehalf-width), andf; (oscillator strengthby fitting 3N param-
complete set of optical functions forggfilms in the range eters, despite the obvious ambiguity and excessive number of
15-7eV.

fitting parameterde.g., as in Ref. 8, the number of such
We have obtained the following conceptually new infor- parameters for ten bands attains)30'he method of Argand

mation by expanding the total curve into components. For diagrams avoids fitting parameters altogether. Its basic
this purpose we have relied on the method of Argand diascheme is to treat the spectra of two functions simulta-
grams used many times in previous work® The spectrum  neously: not only the imaginary part of the permittivity, but
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FIG. 2. Total spectruna,(E) (upper
curve from Ref. 7 and its compo-
nents for fullerite films.

also its real part. The experimenta} ande; (Ref. 7 are  strengths, not in fractions of the total number of valence
used to expand the, curve into nine bandg-ig. 2). Natu-  electronsN,,, but in fractions of only the total number in-
rally, the strongest bands emerge firfig (4.51eV}, E;  volved in transitions up to a given energy(E); the esti-
(3.56 eV}, and Eg (5.51 eV}, which are clearly structurally mates obtained by this method are denoted;hw the table.
observable in the total, spectrum. Instead of a broad band As a result of these calculations, five more bands, latent
with a maximum at 2.75 eV and a weak step-&.5eV, we in the totale, spectrum, have been established, in addition to
now distinguish theE, (2.71eV) and E; (2.89e\} bands. the four bands distinctly observed in the total curve, and
TheEq, E;, E1g, andE4; bands are established in addition all the parameters of these nine banés,H;, f;, andP;)

to the foregoing. In addition to the energiEsat which the have been determined. It should be emphasized that in the
maxima occur, for all nine of the identified bands we haveconventional approximation where the total dielectric per-
also determined the half-widthd; , the oscillator strengths mittivity is represented by the sum of the Lorentz oscillator
f;, and the areas of the bands (Table ). To within a  contributions, the Argand diagram method used by us per-
constant factor, the band intensities and the oscillatomits the totale, spectrum to be single-valuedly expanded
strengths correspond to their ardgsn the spectrunz,(E). into a minimal set of bands without any fitting parameters.
Their absolute values are usually calculated, for simplicity,Transitions that have close energies but are not necessarily
by averaging over the total number of valence electtddps  similar in nature are summed in each band. They can there-
i.e., dividing byN, , independently of the transition energy; fore be further expanded into several components each on
this case is conveyed through the param®efP; /P, - It  the basis of theoretical models postulating the fine structure
might be more correct, however, to estimate the oscillatoof the bands.

TABLE I. Energies of the maximg; , half-widthsH; , oscillator strength§; andS;, and optical areaS; / Sy,ax
and P; /P, Of the spectral bands for fulleriteggfilms.

Eiv ev HiveV fi Pi/Pmax S Si/Smax
Oscillator Nature of
(band Calc. Ref. 8  Calc. Ref. 8 Calc. Ref. 8 Calc. Ref. 8 transition
No.
1 (2.5 (2.4) 0.17 0.05 0.02 0.03 0.002 (0.00% hy—ty4
2 2.75 2.70 0.29 0.30 0.03 0.07 0.174 0.5 v16Cy)
3 2.89 3.2 0.34 0.20 0.02 0.05 0.015 0.05 hy,gg—tyy
4 3.49 0.24 0.07 0.2 0,—Cy)
5 3.55 3.54 0.46 0.30 0.05 0.46 0.33 1
6 3.99 0.13 0.01 (0.03 hy—hg
7 4.26 4.36 0.28 0.47 0 0.04 0.23 0.7 vi6C3)
8 4.50 4.54 0.75 0.29 0.06 1 0.27 0.8
9 5.50 5.50 0.62 0.65 0.03 0.43 0.18 0.55 hg,g4—t5,
10 5.97 5.77 0.69 1.25 0.02 0.19 0.32 0.9 v,6Cy)
11 6.36 0.57 0.01 0.06 9y tay—hg

(vs—cs)
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Hora et al® have recently calculated only the, spec-  strong dispersion in certain directions of the Brillouin zone.
trum of Gy thin films in the range 2.4—6.0 eV using ellipso- The two lower conduction bands{ andc,) are also narrow
metric measuremen{®-3.4 e\J and reflection spectrid.4—  (of width ~0.4eV) and have a triplet structure. Transitions
6.0eV). The &, spectra in Refs. 7 and 8 exhibit good between the bands, andc, are forbidden by virtue of their
agreement. The total,(E) curve in Ref. 8 is reconstructed identical odd symmetry; this prohibition is partially lifted by
by means of a set of eleven oscillators with a total of 41virtue of exciton-phonon and electron-phonon interaction.
fitting parameters and a formidable general expression foFhe longest-wavelength strong transitions are associated
g,(E) in terms of the parameters, includifg,H;, andS;,  with bandsv; andc,, which are expected to be followed in
that govern the band intensitiéa the table theE;, E;, and  rank by transitions of the type,—c;, v;—C3, v,—Cy,

Eg bands are found to be very weak, falling almost withinandvz;—c3. The last column of Table | presents a conceiv-
the error limits, and are therefore enclosed in parenthesegple general model of the nature of the absorption and
the E; band lies outside the range of measurementaf  bands according to the known results of theoretical calcula-
making its identification in Ref. 8 problematic at bestis  tions in the approximation of molecular terms
interesting to note that the valuesBf for bands 2, 5, 8, and hy,hg,94.94.t, and bands. This model provides a satisfac-
9, according to our data and the results of Ref. 8, agree ttory general explanation for the very complex structure of
within AE=0.01-0.03eV, whereas for all other bands the established spectrum of transitions in fullerite. A detailed
AE~0.1-0.2eV. The half-widths agree for bands 2 and 9quantitative analysis of the parameters of our established
and differ considerably for all other bands. To compare thdransitions in fullerite will require more sophisticated match-
data on the oscillator strengtfisin the two papers requires ing theoretical calculations. On the other hand, the more
additional reprocessing of the results of Ref. 8 for the paramcomprehensive new information that we have obtained here
eterS;. Owing to the closeness @; for bands 4 and 5 in will help to develop substantially more rigorous models of
Ref. 8 (AE=0.05eV, they actually need to be joined into a the electronic structure of fullerite and related materials.
single band 5, and the longest-wavelength band 1 in Ref. 8 is  The main results of the study are the first-time derivation
introduced artificially, so that its parameters clearly differ of a set of fundamental optical functions of fullerite films in
appreciably from our data. Moreover, the reconstruction othe range 1.5-7 eV, the first-time expansion of the total spec-
the &, curve in the range 2.4—6.0eV by ten oscillators intrum of the dielectric permittivity into nine transition bands
Ref. 8 required the artificial introduction of an additional, without fitting parameters, and a hypothesis as to the nature
very strong band in the vicinity of 10eV, and the authorsof these bands in the Frenkel’ exciton model, based on es-
have attempted to solve the multivalued problem of extrapotablished band calculations.
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Data on the Hall coefficienR and the resistivityp as functions of the magnetic fieltb H

=12 kOe) and electric fieldto E=25V/cm) in a heavily doped, compensated semicondygtor

type InAs with a density of excess acceptdls,=(Na—Np)=10cm2 and a ratio

NA/Np=0.9 are used to calculate the characteristic carrier parameters at hydrostatic pressures up
to P=1.5Pa and temperaturds=77.6 and 300 K. It is found that a deep acceptor band is

situated in the tail of the density of states of the conduction band, and a state of the heavily doped,
fully compensated semiconductor type is established at low temperature$99®

American Institute of Physic§S1063-7829)00801-7

Having analyzed published data on the anomalous kiis the density of deep-level acceptor centers. The specific
netic properties of narrow-gap, heavily doped, compensatedature of the situation and the usefulness of comparing with
p-type semiconductors CdSnA€u) (Refs. 1-, HgCdTe the data forp-CdSnAs(Cu) sample 10, which has similar
(Ref. 7), InAs with Ng,<10"cm 2 (Refs. 8 and § and  characteristic§see Ref. | have prompted us to focus our
InSh(Cr) (Ref. 12, we have come to the conclusfofithat  attention on the kinetic properties of this particular sample.
these substances exhibit a common uniformity in their elec- Known information about the dispersion law and the val-
tronic spectra, which is governed, on the one hand, by thees of the effective electron mass at the bottom of the con-
presence of a deep acceptor band situated in the tail of th@uction bandm./mg, the width of the band gap,, and the
density of states of the conduction band and, on the other, bgpin-orbit splitting of the valence bands, (Refs. 8,9, and
the influence of a large-scale fluctuating potential. Since thd2) are used in the calculations. It has been assumed previ-
gapless state in these substances is induced by defects, thaysly thatA and the effective hole mass with respect to the
have come to be known as quasi-gapless semicondudtors. density of statesn,/m, do not depend on the pressupe

In this brief communication we report investigations The broadening of the deep acceptor level at 300 K has been
of certain electrophysical properties of crystals of the heavilydisregarded.At 300 K, in contrast withT =77.6 K, the func-
doped, compensated semiconductop-lnAs  with  tion n(P) exhibits exponential behavior. It is therefore legiti-
Ney=10® cm2 under hydrostatic pressuréFigs. 1-3, mate to use the ideal-semiconductor dispersion relation for a
Table ). semiconductor with a fluctuating potential such as the

The experimental procedure, the techniques used to cahkeavily doped, compensated semiconducpemAs (see
culate the effective characteristic parameters of the chargRefs. 1, 2, 4, and)5 It follows from the results of a quanti-
carriers — their mobilitieg. , x5, 1, @and densities, p,,p,  tative analysis at 300K that
(the subscriptg, A, andv refer to the conduction, acceptor,
gnd valence bangs— and the mo_del representations pertain- - m /m;=0.022+4.34x 10 3P,
ing to p-CdSnAs{Cu) are described in detail in Refs. 1-6.
In view of the similarity of the kinetic properties and the

— —2
common nature of the investigated phenomenapitype £¢g=(0.36+9x107°P) eV, @)
CdSnAs(Cu) and InAs, we discuss them briefly below.
In sample 3(see Table)lwe haveNg,=N,, whereNy ea=(—0.13-9x 10 2P) eV.
TABLE |. Parameters of the samples.
Sample No. 3 Sample No. 4
T.K P, Ro, P Pa. M pa/n p./n uclpa  wclp, P, Ro, P
GPa  cni/ Q.cm  13%cm™3  cnP/(V-s) GPa cm/C  Q-cm
1004 —4000  1.67 1.84 95.5 1.4 353 88.4 44.0 ,
300 1.46 520 3.76 1.84 41.0 1w 3500 186 33 10 ~1800 1.53
® 931 5.81 1.84 10.2 o % 0 0 15 135 3.76
1004 —3450  9.09 2.26 25.3 915 7 133 187 . 4
776 11 —1560 25 2.26 9.03 2570 19.8 179 90 10 3340 492
% 36000 200 2.26 0 % % 0 117 —6432 4564

1063-7826/99/33(1)/3/$15.00 31 © 1999 American Institute of Physics
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) 5 10 15 FIG. 2. Experimentalpoints and theoreticalcurves magnetic-field depen-
p", Qp(‘ dence of the Hall coefficienR in sample 3 atT=77.6K (1,2 and

T=300K (3-5). PressureP: (1) 0.4 GPa;(2) 1.1 GPa;(3) 10 * GPa; (4)
FIG. 1. Dependence of the Hall coefficient in a minimal magnetic fiyd ~ 1.06 GPai(5) 1.4 GPa.
(1, 4), the resistivity (2, 5), the acceptor-band hole mobiliy, (3, 6), and
the width of the band gag, (7) at T=77.6K (1-3) andT=300K (4-7) on
the pressur® in sample 3. The experimental ddfoint symbols and solid
curveg are plotted with the pressure increasing; the dashed curves represent
extrapolations.

-R,em/C
M
Here the pressurk is expressed in GPa units, ang is the
energy of the deep acceptor lewghe energy is measured -20F 2k [\K
upward from the unperturbed edge of the conduction hand 3 <71
The relative occupation number of the acceptor band
Ka=(Na—pa)/N, decreases from 0.19 to 0 @sdecreases mzmm’f,’(’ 17
from 300K to 77.6 K, and the Fermi energy varies as .
er=(—0.17-9X10"2P) eV. 2)
Together with holes from the valence band, therefore, carri- 18
ers from the deep acceptor band also take part in the trans- 1y
port processes. The position of the Fermi level is fixed rela- E .
tive to the top of the valence band for hole statistics, because =* P
n<pa, p,, and the energy interval between the valence and & b
acceptor bands does not depend on the pressure. The result- = 45
ing values ofds%/dP andm,/my=0.44 are consistent with
published datd:'? {4
The random oscillations of the potential grow as the
temperature is lowered, and below 100K they attain values 13
of the order of the distance from the unperturbed edge of the
conduction band to the Fermi level “frozen” in the acceptor 12
band, i.e., a state of the heavily doped, fully compensated 14

semiconductor(HDFCS type is formed"® The electron

density in this case tends to a finite value in the limit
T—0. Moreover, the difference in the dynamics of localiza-
tion of conduction-band electrons and acceptor-band hole§/G. 3. Electric-field dependence of the electrical conductivity normalized

. . to atmospheric pressur@/ o) (1-4) and the Hall coefficienR (5, 6) at
as observed, for example, in the analogous casp-type T—77.6K (1-3,5,8 and T— 300K (4) in sample 4. Pressu@: (1,5, 6

CdSnAsg(Cu) (Refs. 1 and 4% causes the ratip./ua t0 105 GPa(2) 0.67 GPa3) 0.03 GPa4) 1.42 GPa. Magnetic field: (5)
increase considerably as the temperature is lowered. 2 kOe; (6) 15 kOe.
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For example, the formation of a state of the HDFCS type3M. I. Daunov, K. M. Aliev, and V. I. Danilov, Ukr. Fiz. Zh38, 1811
in a quasi-gapless semiconductor naturally accounts for the(1993.

i i i 41. K. Kamilov, M. I. Daunov, V. A. Elizarov, and A. B. Magomedov
negative sign oR and the anomalous behavior of tR¢T) , ' ' '
curve at low temperature§ig. 3.5° We emphasize that the ~JETP Lett77,92(1993.
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Optical absorption in PbGa ,Se, single crystals
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Optical measurements are performed in a Pi8&asingle crystal. The nature of the optical
transitions is determined in the interval of photon energies 2.24—2.46 eV in the temperature range
77-300K. It is shown that indirect and direct optical transitions take place in the energy

intervals 2.28-2.35eV and 2.35-2.46 eV, correspondinggte- 2.228 eV andEyy=2.35€V,
respectively, at 300 K. The temperature coefficientEgfandEyy are equal to-0.6

X 10 *eV/K and —4.75< 10" * eV/K, respectively. ©1999 American Institute of Physics.
[S1063-782629)00901-1

INTRODUCTION 3. RESULTS OF THE EXPERIMENTAL STUDIES AND
DISCUSSION
The compound PbG8&e, was first synthesized by Eho-
lie et al*? who confirmed that this semiconductor has an  The results of the measurementsatthv) for a sample
orthorhombic lattice with parametersa=10.64 A, of thickness 35um at eight different temperatures are shown
b=10.94A, c=6.36 A and space grouBbmm This com- in Fig. 1. Similar results have been obtained for the other five

pound (PbGaSe) is photosensitive in the region samples. Itis evident from the figure that th¢hv) curves
0.4—-1.4um with a multiplicity of 1¢—10* and is a high-  shift toward shorter wavelengths as the temperature is low-

resistance semiconductor with a resistivity of approximatelyered from 300K to 86 K. In the interval of photon energies

1010 - cm at 300K. 2.24-2.46 eV the absorption coefficiewa(hv) varies from
To ascertain the mechanisms underlying the electronid000cm * to 2500cm . The a(hw) curve is divided into

effects in PbGﬁQ‘ Sing|e Crysta|3, itis necessary to inves- three sections: )1|n the interval of photon energies 2.24—

tigate the electrical and optical properties over a wide rang&-28 eV is almost independent dfv or increases relatively

of temperatures and photon energies. To the best of odittle; 2) « increases significantly in the interval 2.28—-

knowledge, the optical properties of PbSa, have not been 2.35€V; 3 a rises sharply in the interval of photon energies

studied. In this paper we give the results of experimental-35—2.46¢eV.

studies of the optical absorptianin PbGaSe, single crys-

tals.

2500

1. GROWTH OF PbGa,Se,; SINGLE CRYSTALS

The compound PbG8&e, was synthesized by melting
the components together in stoichiometric ratios in evacuated 2000
(10" °Torr) quartz cells. Single crystals of PbGa, with
dimensions X1X2cm were grown by the Bridgman— -
Stockbarger method. The compound has a layered chain
structure. Its color varies from yellowish orange to deep red,
depending on the thickness.

8(7/6/51413(12 {7

w,cm

1500

2. MEASUREMENT PROCEDURE

The spectral curvesx(hv) of the PbGgaSe, single-
crystal samples were measured in the temperature range 7000 1 L t
77-300K and photon energies 2.24-2.46eV. The main 224 228 2.32 236 2.40 244
component of the instrumentation used for the measurements hv,eV
was an MDR_]'Z _monocmomator' Various S'”Q'e'crYSta'HG. 1. Spectral curves of the optical absorption coefficient in a P8&a
samples having thicknesses of -3300um were investi-  gjngle crystal at various temperaturé) T=86 K; (2) 112 K; (3) 134 K:
gated. (4) 157 K; (5) 214 K; (6) 258 K; (7) 271K; (8) 294 K.

| L
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FIG. 2. Graphs of ¢ — ap)*>~hv at various temperaturegt) T=86 K; (2)
112 K; (3) 134 K; (4) 157 K; (5) 214 K; (6) 258 K; (7) 271 K; (8) 294 K.
0 e D I N | }
We analyze these results in accordance with the theory 2.52 Z";fv :\7 0 244
?

of indirect and direct optical transitiois® The coefficient

a(hv) can be written in the form FIG. 3. Graphs of &— ap)?~hv at various temperature&t) T=86 K; (2)

112 K; (3) 134 K; (4) 157 K; (5) 214 K; (6) 258 K; (7) 271 K; (8) 294 K.
azai-l—ad-l-ab, (1)

wheree;,ay4, anda, are the optical absorption coefficients

n |nd|r(=_:ct and direct transitions ar_1d n phonon absorpt'on\/vhereE i Is the width of the band gap in indirect transitions,
respectively. Here phonon absorption is interpreted to meaj). 9 . - .
. . - is the phonon energyj is a characteristic temperatureis
absorption due to defects, scattering, &tt. e
In analyzing the functiom(h»), we extrapolate its com the absolute temperature, aAds a constant which is nearly
yzing ’ P independent ohv and T. If we bear in mind that the first

ponentay, which is independent or only slightly dependent : . ; . i
on the photon energy, to higher photon energies and subtrag?rm Is associated with phonon absorptianX and the sec

it from the total absorption, i.e., we work with— «y,. Bear-
ing in mind that the dependences ofx<{ a,)*? and
[(a— ap)Y?hv] on hv are almost identical, we display the 2.5

experimental data in coordinates:€ ap)Y?>~hv (Fig. 2.
Two linear segments with different slopes are discerned for
each curve; the slopes of these segments decrease with d
creasing temperature. These segments are attributable to tf
absorption and emission of phonons, and in this case the 2.4 F
optical absorption is given by the equation = 2
—E.. 2 —E..—k)? "y
w(hv)=A (hv G/Iig,Jrk) N (hv Eg;/Tk) @ u.,b’
e”' -1 l1-e -
‘w0
W 2.3
TABLE I.
T,K Eg.,eV Ke,cmM™ev! K, cm™ev?' 4K keV
86 2.235 105 70 69  0.0060 —s 1 -——a
112 2.234 110 75 86  0.0074
134 2.233 110 80 86  0.0073 2.2 L 1 1
157  2.233 110 80 100  0.0086 g 100 200 300
214 2231 145 100 159  0.0136 T,K
271 2.229 160 125 133 0.0115
294 2.228 185 159 123 0.0105 FIG. 4. Temperature dependence of the width of the band gap for direct and

indirect transitions(1) Eq4q; (2) Egi,
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ond term is associated with phonon emissian,)( the
slopes of the linesrY?=f(hv) and = f(hv) can be de-
termined from the expressions

A 1/2 A 1/2
Ka= o] KTl Tom 3
From Egs.(3) we readily deduce the expression
Ke _exp?
Kg pT' (4)

These equations can be used in conjunction with the ex-,

perimental data at various temperatures to deterrpes,
andk, which are given in Table I.

Tagiev et al.

dence of @¢— ap)? on hv indicates that the intrinsic absorp-
tion edge in PbGs5eg single crystals is formed by direct
allowed optical transitions. At different temperatures the
width of the band gap is determined by extrapolating the
lines (a— ay,)?=f(hv) to the value &— a,)=0 (Fig. 4.

The temperature dependencessgf andEy4 are shown
in Fig. 4, from which we obtain the following values for the
temperature coefficients of these quantities:-0.6
X 10 %eV/K and —4.75x 10" 4 eV/K, respectively.

IR. Eholie, I. K. Kom, and J. Flahaut, C.R. Acad. Sci. Ser2€8 700
(1969.

R. Eholie, O. Gorochov, M. Guittard, A. Mazurier, and J. Flahaut, Bull.
Soc. Chim. Fr., 747197)).

3C. Jullien, M. Eddrief, K. Kambas, and M. Balkanski, Thin Solid Films

The absorption coefficient rises abruptly at higher ener- 137 27 (1986.

gies hv=2.35eV). To determine the nature of the optical
transitions in a PbG&e, single crystal, we analyze this in-

4E. Cuerrero, M. Quintero, and J. C. Wolley, J. Phys.: Condens. Matter
6119(1990.
SA. M. Elkorashy, Phys. Status Solidi B35 707 (1986.

terval of photon energies in accordance with Ref. 7. It has®s. Saha, U. Padt al, Phys. Status Solidi A14, 721(1989.
been established that the experimental values of the absorﬁJ- |. PankoveQptical Processes in SemiconductdPsentice-Hall, Engle-

tion coefficient provide a good fit to a straight line in the

wood Cliffs, N.J., 1971; Mir, Moscow, 1973

coordinates ¢— ap)?~f(hv) (Fig. 3. The linear depen- Translated by James S. Wood
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Characteristic features of the temperature dependence of the photoluminescence
polarization of {Ga vacancy }—Sng,(Sigy) complexes in GaAs produced as a result of
resonant polarized excitation

A. A. Gutkin, M. A. Reshchikov, and V. E. Sedov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 29, 1998; accepted for publication July 2, 1998
Fiz. Tekh. Poluprovodr33, 42—46(January 1999

The excitation and induced polarization spectra of the photoluminescence band with the
maximum near a photon energy of 1.18 eV in Sn- or Si-dop€shAs with an electron density
~10"®cm™2 are measured at various temperatures. It is shown that the temperature

dependence of the induced polarization of this photoluminescence dig30, Or VgSica

complexes in the temperature range 77—-230K is close to the corresponding dependence

for Vgaleas complexes. In addition, a slight decrease in the induced polarization as the temperature
is increased, not observed fU,Teys complexes, is observed in the range 77-125K for

the investigated complexes. It is hypothesized that the difference is attributable to the existence
of excited configurations in the absorbing and emitting states o¥/th8ns, andVgSiga

complexes, where the populations of these configurations in the absorbing state increase with the
temperature. The difference between the total energies of the excited and ground
configurations of the absorbing state is 10—20 meWggSn;, complexes and 15—-30 meV for
VaSiga complexes. ©1999 American Institute of Physid$S1063-7829)01001-7

1. INTRODUCTION are closer to the pressure axis than the dipole axis of the
ground configuration. In these groups of complexes the dif-
Merence between the energies of the ground and excited con-

. . figurations decreases as the presdeiis raised, and when
with complexes consisting of a Ga vacancy plus a donor an e latter exceeds a certain thresh@lg, whichever con-
is induced by the recombination of holes trapped by thes? . . T

. . iguration had the higher energy fd?=0 becomes the
complexes with electrons from the conduction band or from

localized states near its bottalrf: Several characteristics of gr.ound conﬁguratpn. At low temperatures this beha\/'or
this photoluminescence in-GaAs doped with various do- stimulates a transition of these groups of complexes into a

nors(Te, Sn, or Si are qualitatively identical and quantita- new copfiguratior‘_(al_ignment .Of (_jistortion)sand_ an abrupt
tively differ very little 15 change_ in the radiation polarization of the entire set of com-
An exception is the dependence of the polarization Oplgxes in the crystal. INg.T€xs complexes all three ponﬂgu-
low-temperature photoluminescence on the uniaxial pressuf@ions have the same energy @0, so that the alignment
(P) along the crystallographigl11] or [110] direction. For of .dISt.OI’tIOHS and the stepped variation of the radiation po-
Ve Shea and Ve Sies at liquid-helium temperatures the larization at low temperatures take place as soor dme-
curves representing this dependence contain a stepped ifeMes greater than zero. _
crease in the linear polarization of the photoluminescence for ~ ItiS important to note that the above-described processes
P=4—6 kbar(Refs. 5 and § whereas fol,Texs a similar  involving transitions between configurations occur in the ab-
variation of the polarization is observed fBr~0 (Ref. 7).  Sorbing state, i.e., the state preceding hole localization at a
Such a disparity in the behavior of the radiation polarizationdefect, where the hole subsequently undergoes radiative re-
of the indicated complexes is attributable to a difference ircombination with an electron. In the emitting state formed
the position of the donor relative to the vacancy in theafter hole capture or after the optical excitation of an electron
VgaTeas and Vg, Shs, (Ve:Sica) complexes. Because of this from the complex into the conduction band, the configuration
difference, the three Jahn-Teller equivalent monoclinic conof the complex is preservéd? i.e., excited configurations
figurations of theVg,Teas complex with a symmetry plane also exist in the emitting state. It is reasonable to expect that
passing through the initial trigonal axis &fg,Texs is re-  the occupation of excited configurations of the absorbing
placed in theVgSns, and Vg, Sis, complexes by a single state ofVg Sns, andVgSig, complexes should also be pos-
monoclinic and two triclinic configurations and have differ- sible at elevated temperatures and, if their parameters differ
ent total energies® However, the difference in the energies appreciably from those of the ground configuration, they
of these configurations is not too great. When uniaxial presshould be observed in various phenomena. The observation
sure is applied to the crystal, the axes of the optical dipolesf such effects could serve as subsequent confirmation of the
of the higher-energy configurations in certain groups of suclabove-described model of complexes containing a donor in
complexes with their components in a definite arrangemerthe second coordination sphere of a vacancy and could be

The broad photoluminescence band with a maximu
near a photon energy of 1.18 eVnrtype GaAs is associated

1063-7826/99/33(1)/4/$15.00 37 © 1999 American Institute of Physics
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used to acquire information about the properties of their ex-
cited configurations. With this objective in mind, we have 100
investigated the temperature curves of the polarization of the
photoluminescence o¥;.Sns, and Vg Sig, complexes ex-
cited in resonance by linearly polarized light.

T

2. DESCRIPTION OF THE EXPERIMENT AND ITS RESULTS

The n-type GaAs samples investigated in the present 0
study had an electron density10'®cm™2 and were cut from
ann-GaAs:Sn crystal doped during growth by the Czochral-
ski method and from an-GaAs:Si crystal prepared by ori-
ented crystallization. The broad photoluminescence band in-
duced byV g Sns, and Vg Sig, complexes with a maximum

at a photon energy- 1.18 eV is dominant in such samples in
the temperature range 2—200 K when photoluminescence is
excited by light in the intrinsic absorption band.

The procedure for the investigation of this band is simi-
lar to that used in previous studie&°lts excitation spectra
at various temperaturdsare shown in Fig. 1. Their behavior
with increasing temperature is characterized by a shift into
the long-wavelength part of the spectrum and broadening of 700
the long-wavelength edge of the band. It scarcely differs
from the behavior of the corresponding spectravef,Teas
complexes?

We have measured the photoluminescence polarization
resulting from resonance excitation of the complexes by po-
larized light with a photon energy less than the width of the
band gap in an orthogonal scheme where the photolumi-
nescence-exciting light beam propagates along the crystallo-
graphic [110] axis, and we have observed photolumines-
cence in thg001] direction. The electric vector of the emit-
ting light was parallel to thg110] axis. In this experimental
geometry the induced polarization of the vacancy-donor
complexes inn-GaAs at low temperatures is higfi,a fact 7
that can be exploited to determine its slight temperature
variations. The degree of induced polarizatipnvere mea- 1 1 : 1 1 L
sured for radiation in a band of width 50 meV around the 730 135 140 145 150 1.55
photoluminescence maximum induced by the investigated ﬁa)e_,c, ev

complexes.. The distribution qf along th-e e>§citation Spec FIG. 1. Photoluminescence excitation spectravgfSns, (a) and Vg Si
trum at various temperaturgs is showr_1 |n.F|g. 2. If thg tem—(b) Complexes. Temperaturét) 78 K: (2) 120 K: (3) 1603K; @ 200(}3<; (gf
peratures are moderately high, saturation is observed ip the 240 k.

spectra for emitting light having low photon energies

(hwey), but thenp decreases abw,, is increasedFig. 2).

As in the case o¥/g.Te,s complexes? the polarizatiorp at  tigated samples in the corresponding temperature range.
saturationpg can be assumed to correspond to the situatiorSince the ratio of the intensities of edge photoluminescence
where free holes vulnerable to capture by the complexes at® photoluminescence of the complexes are the same in order
not generated by the emitting light. The temperature depemf magnitude foV g Shnga,VeaSiga: andVgal € in samples
dence ofp, in the high-temperature range is shown in Fig. 3.having the same electron density during the excitation of
The sharp drop ofps in the high-temperature range re- photoluminescence by interband optical transitions, we can
sembles the same drop observed Y45, Teas complexe¥®  assume that the lifetimes of the emitting state of the com-
and is attributable to the thermal emission of holes formed aplexes are similar. Accordingly, as in the case\f,Texs

the complexes when electrons are optically excited in theomplexes? the fact that a sharp drop in the degree of in-
conduction band and to the subsequent equiprobable recaguced polarization of the photoluminescence of WhgSng,

ture of some of these holes by complexes with any orientaandVgSig, complexes occurs only in the region of thermal
tion of the distortiong? This process must be accompanied emission of holes for complexes in the valence barudiva-

by a drastic reduction in the photoluminescence intensity ofion energy~0.18 eV) implies that the barriers between dif-
the complexes and an increase in the edge photoluminegerent configurations of the emitting state W Sns, and
cence intensity® as has indeed been observed for the invesV g Sig, are not lower than-0.2 eV.

PLE intensity,arb.units

10

PLE intensity,arb.units
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30r a VSiga complexes of excited configurations of the absorb-
ing state whose energies do not differ too much from the
energy of the basic configuration.

3. ANALYSIS OF THE TEMPERATURE DEPENDENCE OF
THE DEGREE OF POLARIZATION IN THE
TEMPERATURE RANGE UP TO 120K

pr%

10¢ To describe the role of excited configurations in the tem-
perature dependence of the induced photoluminescence po-
larization of the complexes, we consider a model in which
the Vg S, OF VeaSiga complex has one ground configura-
tion, whose symmetry is monoclinfdn this case each com-
plex contains two equivalent excited configurations of tri-
clinic symmetry>® in which the directions of the optical
dipoles are symmetric about @10 plane containing, in
their initial positions, the Ga sublattice sites occupied/fy
and a donof. This model is thought to be more natural than
a previously discussetkee, e.g., Refs. 5 and 6nodel in
which two triclinic configurations have ground status, and a
7 monoclinic configuration is excited. Since a complex-
localized hole is closer to the donor in triclinic configurations
than in the ground configuration, the influence of the donor
on vacancy-like hole orbitals will be stronger. This fact
4 3 2 causes the direction of the optical dipole of the complex to
0 . . . , deviate much farther from the 11] axis, which corresponds
7.30 1.35 7.40 1.485 1.50 to the dipole direction of the isolated vacancy subjected to
ﬁwex,ev the Jahn—Teller effect, than the same sort of deviation in the
ground configuration. As a result, the degree of radiation
FIG. 2. Distribution of the induced polarization ¥g,Srs, (@) andVeaSisa  polarization of the set of complexes present in excited con-
gocﬁr_"(g";xl%so all‘_"(‘f)tggoe’éc'ta“o” spectrum. Temperatlie78 K; (2) g rations p,) is smaller than the degree of radiation polar-
' ' ' ization of the set of complexes in the ground configuration
(p1). Because of the relatively low energy of the excited
In addition to the sharp drop ips at high temperatures, configurations and the large width of the excitation and pho-
a slight decrease ips asT increases is also observed for the toluminescence bands, the complexes situated in these con-
VeaShea and Vg Sic, complexes at medium temperatures figurations transfer to the emitting state with the absorption
(77—120K); this behavior is nonexistent forg,Te,s com-  of photons of the same energy as complexes situated in the
plexes(Fig. 3). As mentioned in the introduction, the differ- ground configuration, and the recorded part of the photolu-
ence can be attributed to the existence in ¥igSng, and  minescence band contains radiation from defects situated in

30[‘ b
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both configurations. Under these conditions the increase in AW(P)
the populations of the excited configurations of the absorbing  AWo=— 55— Per- ()
state with no change in the configuration after excitation °
should lower the degree of polarization of the total radiationSubstitutingP = 4.5 kbar and\W(P = 10 kbar) into Eq(2),
ps measured in the experiments. for the Vg.Sns, complexes, we obtain

Assuming that a Boltzmann distribution of defects inthe 1 gkT<AW,<2.%T (T=77K). 3)
absorbing state among the various configurations is main- ]
tained under the experimental conditions, we readily inferSince the Jahn-Teller effect, and not the influence of donors,
that the degree of polarization of the observed radiation i®l2ys the dominant role in the formation of vacancy-like

related to the defect parameters by the equation states of the comple3; and since th&/.Sns, andVe:Sica
complexes do not differ in the position of the donor, it is
_P1t2pyyexp(— AW, /kT) (1)  reasonable to assume that the rates of change of the energies
Ps 1+2yexp—AWL/KT) of different configurations as the pressure is varied change

only slightly with a change in the chemical nature of the

where AW, is the difference between the energies of the . N )
excited configurations and the ground configuration of thegc;rf]og szr ttﬁgr/](;il\fgcomplexes Po~6 kbar forP|[111];

absorbing statey is the ratio of the photoluminescence in-
tensities of the sets of defects situated in the excited and 2kTsAWy<3.kT (T=77K). 4

ground configurations, subject to the condition of equal deMakin use of the above estimates. we approximate the ex-
fect densities, anklis the Boltzmann constant. The deviation g ' bp

of y from unity is caused not only by difference in the wave perimentalpg(T) curves in the temperature range 77-125K

functions of the carrier localized in different configurations, by Eq.(1). We find that the best match between the calcula-

. : o 2 tions and experiment is actually achieved whew, falls
but also by a difference in the excitation and emission spec- P y 0

tra of the defects in these configurations. The quanity within the limits indicated in expressioni3) and(4) (Fig. 3.

represents the degree of radiation polarization at quuid-In the case 0N gaSt, the consistency of the calculations

: . : . with the measured dependence within the experimental error
helium temperatures, when the excited configurations are u

- _ . . A 590 :
populated, and has been determined previoti§lgr the ex- qlm'.ts for AWo=10meVis obtgmed fop. 0_22A) asy 1
: N 7 . varied from 0.2 to 4, respectively. F&xWy=16 meV we
perimental geometry and emitting light polarization used in - - oo
- have p,=0—22% andy=0.4—7. In the case oV Sic,:

the present study we then lp=0.26 for Vg Sng, and p, for AW.=16meV we havep.=0—26% andv=0.2—6-
=0.29 forVgSig,. Calculations for defects of triclinic sym- 0 NG LA

metry in the single-dipole approximatidaxpressions for the for AWo=26meV we havep,=0-26% andy=0.5-13.
Y gie-dipole app Xpres; For intermediate values &W, the ratioy has intermediate
degree of polarization in this case are given in RefsiBow

that p; cannot be less than zero in our experimental eomvalues as well.
P1 P 9 These estimates seem reasonable and lead to the conclu-

etry. . . . i
The difference between the excited and ground configu> o that the given model o¥/csSita and VeaSiea cOM

. . . ) plexes, which postulates the existence of excited configura-
rationsAW, in Eg. (1) can also be estimated from indepen- . ; - )
i tions, is capable of explaining the experimentally observed
dent measurements. It has been shown et the pho- :
: o i ; features of the temperature dependence of the induced polar-
toluminescence polarization ratidor Vg, ,Shg, complexes in

o . . ization of the photoluminescence of the complexes.
the presence of uniaxial compression along [th&l] axis . . : .
. - . o . This work has received partial support from the Russian
with excitation by light from the intrinsic absorption band at Fund for Fundamental Researé@rant 98-02-18327
a temperature of 2K and pressuPe-6 kbar corresponds to
“saturation” of the functionr(P) after the jump ofr at P

) -
=P_~4.5kbar. Consequently, for the group of complexes ,E: W- Wiliams, Phys. Rev168 992(1968.
cr q y 9 P P 2V. I. Vovnenko, K. D. Glinchuk, and A. V. Prokhorovich, Fiz. Tekh.

in whph excited (at P=0) triclinic configurations of the Poluprovodn 10, 1097 (1976 [Sov. Phys. Semicond0, 652 (1976].

absorbing state were found to have the lowest energy undetH. J. Guislain, L. De Wolf, and P. Clauws, J. Electron. Matgr.83

the influence of uniaxial compression, only these configura-4(l978)- _ _

tions occur forP=6 kbar (the Boltzmann filling of other (21-9%-0""0”9' C.J.Li, S. K. Wan, and L. Y. Lin, J. Cryst. Growtd3 38

configurations al =2 K is negligiblg. On the other hand, at sy s "averkiev, A. A. Gutkin, M. A. Reshchikov, and V. E. Sedov, Fiz.

T=77K andP=10kbarr (P) attains almost the same value Tekh. Poluprovodn30, 1123(1996 [Semiconductor80, 595 (1996].

as atT=2K (See F|g 4b in Ref. ﬁ This means that af 6A. A. Gutkin, M. A. Reshchikov, and V. R. SosnovskFiz. Tekh. Polu-

=77K andP=10Kkbar the population of the other configu- R %, SER0EER, Coeme e Bt v, and v. R

rations in the above-indicated group of centers is small. Con- sosnovsk, Fiz. Tekh. Poluprovodn26, 1269 (1992 [Sov. Phys. Semi-

sequently, allowing for the error of experimental determina- cond.26, 708(1992].

tion Of r, Wh|Ch does not excee¢ 5%' the difference 8A. A. Gutkin, T. Piotrovski, E. Pultorak, M. A. Reshchikov, and V. E.

AW(P=1O kbar) between the energies of the triclinic and Sedov, Fiz. Tekh. Poluprovodi32, 40 (1998 [Semiconductors32, 33
- ; . i . . (1998].

monoclinic configurations foP =10 kbar is negative, and its  9a A Gutkin, M. A. Reshchikow, and V. E. Sedov, Z. Phys200, 217

absolute value is withii2—3) kT (T=77K). On the other (1997.

hand, forP= P.~4.5 kbar we havé\W(P=P,)=0 (Refs. 10A. A. Gutkin, M. A. Reshchikov, and V. E. Sedov, Fiz. Tekh. Polupro-

3 and 6, from which, assuming thatW varies linearly with V04" 31 1062(1997 [Semiconductor$1, 508 (1997

the pressure, it follows that Translated by James S. Wood
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Photoconductivity spectra of CdHgTe crystals with photoactive inclusions
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This paper analyzes how both wide- and narrow-band-gap inclusions in CdHgTe host material
affect the generation-recombination behavior of the latter. It is found that the shape of

the photoconductivitfPCO) spectral characteristic is sensitive to the type of inclusion present in

the host: wide-band-gap inclusions lead to additional maxima in the spectral region near

the fundamental absorption edge, while narrow-band-gap inclusions wash out the edge at long
wavelengths. It is found that the shape of the PC spectra of these nonuniform crystals

depends on the magnitude and polarity of the applied bias voltage. A photovoltage which alternates
in sign as a function of wavelength and which is similar to the photosensitivity spectra of
opposing barriers in graded-gap layers, is observed.1989 American Institute of Physics.
[S1063-782609)01101-

INTRODUCTION trally independent quantities, and the influence of diffusion

The optimum functional parameters of a semiconductofand diffusion-drift microcurrents of nonequilibrium charge

photoelectric material are generally limited by the degree of:arrlﬁzs calm tt)e dlsregarded. tral mi |
structural perfection of the material® This is particularly € electron-probe x-ray spectral microanalysiam-

true of narrow-gap semiconducting solid solutions such a: .ba>9 data S.ho.wn n Fig. 1'|nd|cate th‘?[ CdHgTe S.O“d solu-
ions contain inclusions with compositions that differ from

CdHgTe, which is characterized by a well-developed syste . X
of intrinsic point and extended defects. In Refs. 4-6 it Waﬁt] N hosrt1 by hlghelrl or IOV\IIer Hg gon':jefﬁlgs. 1_a and Jicand
shown that photosensitivity in these materials is limited by )ence have smaller or larger band gap widlys respec-

composition fluctuations, inclusions of a second phase, ir?g/ely. They also can contain inclusions of a second phase,

particular, Te and low-angle Q boundaries. The authors o r example, Te(Fig. 1h).

Ref. 7 established that the mechanism for degradation Q[f In .Ot.r d.?r t? ;nalyze thte lspectral d|ftr|but|_3n of the pIhO-
CdHgTe is related to decomposition of the solid solution osensitivity ot these crysta’s, we must consider generation-

mediated by mass transport and gettering of the mobile Con{_ecombination parameters for the host and inclusions sepa-

ponent Hg in the strain fields of lattice macrodefects. How-ratEIy’ taking into account the diffusion- drift exchange of

ever, the photoelectric properties of crystals with spatial nonponequmbrlum charge carriers between them. We must also

uniformities have not yet been analyzed in detail. In thisInCIUde the properties of the transition layeat the host-

paper, experimental data on the photoelectric characteristics
of CdHgTe crystals with photoactive inclusions are corre-

lated with x-ray data indicating the type of spatial nonunifor-
mity. Here “photoactive” inclusions are defined as inclu-
sions whose photoconductivity parametefgeneration,
recombination, or nonequiliium charge carrier transport |100 ”m|
differ from those of the host.
W

EXPERIMENTAL RESULTS AND ANALYSIS Te

Because microfluctuations in composition and shallow- ™= "“"""*P'W

impurity doping levels lead to the appearance of “tails” in 1-x

Hg
the density of states, they affect the photoconductivity spec- }._./\M g:g
trum of a semiconductor primarily by washing-out the long-
wavelength edge of the latter. Hence, the effect of microf-
luctuations on the photosensitivity can be taken into account cd m
Cd
—

by introducing an absorption coefficient associated with

transitions between tails of the density of states that is quasi-

uniform throughout the volume, and consequently a photo-

generation rates which depends exponentially dmy (in a b c

gccprdance with the_ ,Ur,baCh rule; see Réf.lﬁ this Cajse the FIG. 1. Distribution of components in nonuniform CdHgTe crystals—Cd,
lifetimes of nonequilibrium charge carriersand their mo- g, Te: 3 with Cd-rich inclusions, pwith Te inclusions, £with Hg-rich
bilities u can also be modeled as spatially averaged, spegnclusions.J%, marks the level of zero Cd content.

1063-7826/99/33(1)/4/$15.00 41 © 1999 American Institute of Physics
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inclusion boundary which generally is characterized by an 2.0¢
increased density of dislocatiofdue to lattice parameter
mismatch, difference in thermal expansion coefficients),etc.
variations in the concentration of point defects, and residual 7.8
elastic compressive or tensile strains. These latter perturbe
tions can give rise to a complicated energy band profile, in
whose “trenches” nonequilibrium charge carriers can un- 1.6
dergo strong recombination or heating. The authors of Refs &
4 and 7 demonstrated that when Te inclusions and mechan g
cal damage are present, these regions become so enrich 'E,
RB

b. u

1.4

with Hg that the material around them becomes semimetal:
lic, with an increased recombination rate and low photosen-ﬂ
sitivity. It is natural to assume that these structures will have 1.2
altered transport parameters for nonequilibrium charge carri-
ers, which determine the carrier mobility in them.

The influence of these regions is even more evident
when we take into account their long-range interaction, i.e.,
the distances over which they perturb the distribution of non- 5 o
equilibrium charge carriersL(). The difference in the pa- 7 2 3 4
rameters for generation, transport, and recombination of non r/r,, arb.units
equilibrium charge carriers in these regions accounts for the
D o e e et o o s e o o s o
mgql by a superimposed drift in thejuas) eleptrlq fields t/aTues%f the paramet@; r; /GUTU; 1—30,2—10,3—3,4—1,5—g
arising from graded-gafvar Ey) or concentration-induced 3¢__ 1.

(var ng) potentials. The spatial distribution of the concentra-

tion of nonequilibrium charge carriefsn(r) becomes com-

plicated and depends on the form of the vector field made ughich the inclusion absorbs nonequilibrium charge carriers
of the electric(quasi-electrig fields. While for large inclu-  from the host. Increasing the ratio unt;7/G,7,>1
sions the magnitude df ¢ is determined by the diffusion (which makes the inclusion an injecidncreases the effec-
and drift parameters, for small inclusions the geometric siz&jve host volume into which nonequilibrium charge carriers
of the latter(see Ref. §(more precisely its shapentersinto  are injected from the inclusion. Note that wher>L;, we

the problem and must be studied individually for each spemust take into account diffusion and recombination of non-
cific shape. equilibrium charge carriers within the inclusion, and when

In the approximation that the nonequilibrium charge car— s, all of the nonequilibrium charge carriers generated
rier distribution arises primarily from diffusion and that no in the inclusion are injected into the host. Note also the sen-
energy barriers exist between host and inclusion, Grigor'ewitivity of An(r) to the ratio of parameterB; /D, (particu-
et al® obtained the following solution to the continuity equa- larly when the conductivity type of the inclusion is opposite

1.0

tion for the distributionAn,(r): that of the host; in that cad®, andD, can differ by as much

as one to two orders of magnityddn real situations we

_ e r—re must take into account that the distributidm(r) enters
An,(r)=G, 7,1 1— —exp — . . . . .
r L, self-consistently into the generation of barriers to recombi-

nation of nonequilibrium charge carriers between the host
and the inclusion.
In the analysis that follows, we will not take into account
(1)  the fact that the recombination and transport parameters dif-
fer from those of the host in regions immediately adjacent to
wherer is the radius vector, is the radius of the inclusion, the inclusions. We will also assume that the inclusions are
D is the diffusion coefficient, and., ;= (D, ;- 7,;)*? (the  defined by abrupt boundaries and isolated from one another
labelsv andi refer to the host volume and inclusion, respec-by the host. When this is not true, the inclusions may form a
tively). The parameters, ;7,; determine the nonequilib- continuous cluster with a photoconductivity channel in par-
rium charge carrier concentration. allel with the host.

Figure 2 shows curves for the spatial distribution of non-  Let us first consider material with wide-gap inclusions,
equilibrium charge carriers in a system consisting of ai.e., for which Eq;>E,, (Figs. 1a and 1b When such a
spherical inclusion in a host, calculated using Ef. and  material is illuminated by photons with energies=E;,
various ratiosG; r; /G, 7, for ann-type CdHgTe crystal with nonequilibrium charge carriers are generated only in inclu-
x=0.2 (here ng,~3x10%cm 3, 7,~6x10%s, sions located a distanddrom the surface, wheredoes not
L,~50um, 7;~=6x10""s, Li=15um, andD;~D). exceed the penetration depth of the light in the corresponding

Decreasing the ratio untib; ; /G, 7,<1 (which makes spectral range, i.el,<1/a. It is obvious that in the region
the inclusion a gettgérincreases the effective volume over wherea is saturated for both the host and inclusion compo-

% (l_Gi’Ti/GU’TU)[rC/Li_tanr(rC/Li)]
re/Li+tank(r /L)[D,(1+r./L,)/D;j—1])’
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sitions (=10 “cm™!; see Ref. 1pwe haveG;~G,. When
the nonequilibrium charge carrier concentration in the inclu- 1.0
sions exceeds that of the hoss;>G,7,, which is pos-
sible only for 7;>7,), the regions adjacent to the inclusion
will be enriched with nonequilibrium charge carriers due to
their injection from the inclusioné=ig. 2, curvesl—3) (when
a continuous cluster forms, the inclusions themselves can
contribute to the photoconductivitySubsequent recombina-
tion of nonequilibrium charge carriers can take place both in
the skin layer, with a lifetimerg determined by recombina-
tion at the surface which defines the inclusion shape, and
within the bulk of the host with the bulk lifetime, , which
generally exceeds,.'2When the crystal is illuminated by
photons with energie&€,, <hv<Egy, the inclusions pas- -
sively transmit this light into the depth of the crysidhe
transparency channewhere nonequilibrium charge carriers 0.2
are generated and recombine in host layers adjacent to the
inclusions over distances 1/«, as in the previous case, with \
lifetime 7, . This can happen when the sizes of the wide-gap _ S B SO N ST S TN I T ]|
inclusions, and consequently the distances from the surface z 4 5/1 6 10 72 14
to points where the nonequilibrium charge carriers are gen- 4m
erated, exceed a distanke=(D,7.) "% which, based on the rig. 3. photosensitivity spectral distributith, for a sample with wide-gap
estimates of Ref. 12, can be as large as 15x@0for sur-  inclusions and Te inclusiond;, K: 1 — 85,2 — 145,3 — 300.
face recombination velocities~10° cm/s.

Grigor'ev et al® noted that a host illuminated through
transparent wide-gap inclusions by photons with energieslEy/dT for the host and inclusion compositioffs.

S
[
T

>
o
1

U, arb.units

S
=
T

T

hv>2E, can have its quantum yiel@ increased via colli- It is obvious that wide-gap inclusions in the bulk of the
sional generation. In CdHgTe witkg~0.1eV this effect host at distances from the surface exceeding the absorption
begins to appear fdiy=0.5eV!® depth for photons witthv>Eg; are not photoactive and do

The phenomena listed above can make the crystal phatot introduce additional maxima into the photoconductivity
tosensitive in the spectral range>Ey, and cause the pho- spectrum. However, these inclusions can strongly suppress
toconductivity spectral characteristic to become nonmonothe experimentally determined values @f (due to the al-
tonic, with additional maxima atv~Eg; . Note that this can tered conditions for current transport through the crystal
happen only when recombination forces the surface of thés important to take into account the decreased working vol-
host- inclusion boundary to be neutral. When the surfaceime of photoactive host when theoretically calculating quan-
recombination velocity at the inclusion boundary is hightum yields and photosensitivities of device structures.
(s;>1), the inclusions play the role of sinks for nonequilib- When the parameters of the wide-gap inclusions are such
rium charge carriers both on the inclusion side and on the¢hat G;,<<G,7,, nonequilibrium carriers generated in the
host side, and the photosensitivity decreases over the entimclusions will recombine within therfwithout injection into
spectral rangé. the host without making the sample photosensitive. On the

For hv<Eg,, the photoconductivity should develop an other hand, diffusion- driven drainage and recombination of
exponential edge derived from the Urbach absorption edgaonequilibrium charge carriers in the inclusidng., getter-
as long as there are no narrow-gap inclusions. ing of these carriers from the adjacent host regiavifl also

Figure 3 shows photoconductivity spectra at variousbe hindered by the presence of a potential balzkiEMEgi
temperatures for a crystal containing wide-gap CdHgTe and- Egv|, which, as previously, leads to exclusion of carriers
Te inclusions in the surface regidirigs. 1a and 1b for a from the photoactive volume of the hasor recombination-
probe depth of 2—3um). The maxima in the vicinity of the neutral surfaces
fundamental absorption edge are associated with photoactiv- We now discuss material with Hg-rich, narrow-gap in-
ity of these inclusions. The maxima in the range-3 clusions, i.e.E4<Egq, (see Fig. 1¢ [Note that regions ad-
—4 um correspond tdy for Te (or CdHgTe withx=0.4).  jacent to Te inclusions are also Hg- ri¢hig. 1b.] Assume
Also noteworthy are the maxima in the range=0.8 that G;,>G,7,. When such crystals are illuminated by
—1um, which are quite commonly seen in these crystalphotons withhv>Egy, , photogeneration can take place in a
and correspond to compositions w close to CdTe. With  surface layer one optical absorption depth thick, in both the
increasingT and the conversion of the material conductivity host material and in the narrow-gap inclusions located in this
to intrinsic, the carrier lifetimes in the host and inclusionslayer. Sincea;~a, in the layet® and G,=G,, (where the
approach one another, which changes the photoconductivitibel s indicates the surface layer of the sample will be
spectral profile. The spectral sensitivity of these maxima tdarger thanr,s. In practice this case can occur in strongly
changes irT differs from that of the long-wavelength maxi- compensated materigdnd also in crystals witlk>0.23, for
mum, which is explained by the different coefficients which the nonequilibrium charge carrier lifetime is deter-
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lower energies(the Franz—Keldysh effext The observed
photovoltaggFig. 4, curve3), whose magnitude and polarity
depend orhv, may be related to the presence of opposing
potential barriers in graded-gap regions of the sartle.

If the parameters of the narrow-gap inclusions are such
that G;7,<G,, (which happens whem;<7,; in this case
G; can also excee,), the photosensitivity of the crystal
falls off over the entire spectral range. This effect is observed

U,,arb.units
S
o
1

0.4 in a rather large group of nonuniform crystals with equilib-
rium carrier concentrations in the rangex30" to 3
0.2k x 10 cm™2, which haver<10~’s, although the theoretical
) 7 for interband Auger recombination 10 ®s. This has
0 not been explained.
CONCLUSIONS
FIG. 4. Photosensitivity spectral distributids, for samples with narrow- _ We have analyzed ger.‘eratiqn'refFombination activity of
gap and wide-gap inclusions for various bias polaritigs 1 — >0,2—  wide-gap and narrow-gap inclusions in a CdHgTe host as a
<0,3—=0. function of the photoexcitation spectral range. We have

found that the shape of the photoconductivity spectral char-
acteristic is sensitive to the type of inclusion present in the

mined by the Shockley—Read mechanism in the host and bJ'atrix, with additional maxima appearing in the neighbor-
Auger processes in the narrow-gap inclusidrid. When the ood of the fundamental absorption edge for wide-gap inclu-
photoactive volume is significant, these inclusions can mak&©ns and washing-out of its long-wavelength edge for

the crystal photosensitive. The photosensitivity of the sampl&&TOW-gap inclusions.
in this spectral region can also be increased when nonequj- V& have established that the shape of the photoconduc-

librium charge carriers can overcome the potential barriefVity SPectra of nonuniform crystals depends on the magni-
AE~E,—E; and be injected into the hogvhen inclusions tude and polarity of an applied _blas voltagt_a. We have ob-
extend deep into the crystal, nonequilibrium charge carrierS€rved wavelength-dependent, sign-alternating photovoltage,
can be injected into the crystal bulk, thereby sensitizing the’:\nalogous to the photosensitivity spectra of opposing barriers

hos). Low- temperature activation of photoconductivity may " 9raded-gap layers.
be related to this effect.

When the crystal is illuminated by photons in the spec- *M. K. Shankman and A. Ya. Shik, Fiz. Tekh. Poluprovodt0, 209
tral range Eq<hv<Ey,, photogeneration of nonequilib- (1976 [Sov. Phys. Semicond0, 128(1976].

2 I s . . . _
rium charge carriers in the sample takes place primarily {\(/')'r(éin'\sl'gvg;':t;?ag{éﬁtr(g);‘;er,'\j'é’sig\xc%g‘l')efe‘:ts'” Semiconduc

within the inclusions G;>G,), and the conditionG;; 3M. G. Mil'vidskit and V. B. Osvenskj Structural Defects in Semiconduc-
>G, 1, can be satisfied even fet<7,, which is normally tor Epitaxial Layers(Metallurgiya, Moscow, 1985
tosensitivity in this spectral range. Evidence for this is Sérﬁj_?‘aggi\’(’lg;zgf ekh. Poluprovods, 1013(1979 [Sov. Phys. Semi-
washing-out of the long-wavelength edge or the appearancen. N. Grigor'ev, L. A. Karachevtseva, K. R. Kurbanov, and A. V. Lyub-
of additional long-wavelength bands in the photoconductiv- chenko, Fiz. Tekh. Poluprovod®s, 464 (1993 [Sov. Phys. Semicond.
ity spectral distribution curves. When inclusions are present,25 280(199D]. , _

. . . . N. N. Grigor'ev, A. V. Lyubchenko, and E. A. Sal'’kov, Ukr. Fiz. ZB4,
both with x;>x, and x;<x, (Figs. la—1§ which is nor- 1088(1989.
mally observed in practice, the photoconductivity Spectral’a, I. viasenko, A. V. Lyubchenko, and V. G. Chalaya, Fiz. Tekh. Polu-
characteristics will contain all the features discussed above,provodn.30, 377 (1996 [Sov. Phys. Semicon@®0, 209 (1996].

3 ) - A .
Figure 4 shows photoconductivi spectra for one such J. . PankoveQptical Processes in SemiconductéPsentice-Hall, Engle-
9 p ty sp wood Cliffs, N. J. 1971; Mir, Moscow, 1973

sample. o ~°1.S. Virt, N. N. Grigor'ev, and A. V. Lyubchenko, Fiz. Tekh. Polupro-
The shape of the photosensitivity spectral characteristic vodn. 22, 409 (1988 [Sov. Phys. Semicon®2, 251 (1988].

of nonuniform crystals, and of its long-wavelength edge, of--°M. D. Blue, Phys. Rev134, 226 (1964.

. : : 1A 1. Vlasenko, Yu. N. Gavrilyuk, A. V. Lyubchenko, and E. A. Sal’kov,
ten depend on the magnitude and polarity of an applied bias Fiz. Tekh. Poluprovodnl3, 2180(1979 [Sov. Phys. Semicond.3, 1274

Uy (Fig. 4, curvesl and?2). In a nonuniform material with a (1979,

potential profile this effect can be due to generation of non#2A. I. Viasenko, Yu. N. Gavrilyuk, A. V. Lyubchenko, and E. A. Sal'kov,
equilibrium charge-carrier pairs by photons whir<E, in l3|L\J/|kergﬁ Zhh-_25_' 4?\|1(Sl930- A i1 s Aver o ek P
the neighborhood of barriers as a result of interband transi- | © - dn.g’ 35'2'3&19’7:5 [si?l.spﬁ\;éégerﬁicc}n (;e;ggg?i’én'f]: exh. Folu-
tions with tunneling. The stronger the internal field in the 4y w. scott, 3. Appl. Phys40, 4077(1969.

barrier is, the farther into the infrared region the tail for *®A. I. Viasenko, Z. K. Vlasenko, and A. V. Lyubchenko, Fiz. Tekh. Polu-
photosensitivity extends. Chaging the magnitude or polarity Provodn.31, 1323(1997 [Semiconductor$1, 1280(1997)].

of U, changes the electric field of the barrier, shifting the ~ - VIasenko. Optoelectron. Semic. Tei, 191 (1996.

low-energy edge of the photoconductivity toward higher orTranslated by Frank J. Crowne
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Theory of photovoltaic effects in crystals without an inversion center
R. Ya. Rasulov, Yu. E. Salenko, A. Tukhtamatov, T. Eski, and A. E. Avliyaev

Fergana State University, 712000 Fergana, Uzbekistan
(Submitted March 23, 1998; accepted for publication May 27, 1998
Fiz. Tekh. Poluprovodr33, 52—57(January 1999

Photon mechanisms of the shift and ballistic linear photovoltaic effects in semiconductors with a
degenerate valence band are investigated theoretically. These mechanisms are attributed

both to real-space hole shift in direct optical transitions between branches of the valence band
and to the asymmetry of electron-phonon interaction, with allowance fdickrelectron-

phonon interaction. The temperature and frequency dependences of the photocurrent are
determined, and the results are compared with experimental dapetype GaAs. The

light absorption coefficient, the current due to entrainment of electrons by photons, and the shift
linear photovoltaigLPV) effect, all associated with direct optical transitions accompanied

by electron spin flip, are calculated for crystals without an inversion center. Allowance is made
for the contribution to the entrainment current from inclusion of the wave vector in the

energy conservation law and in the momentum conservation law and for the interaction of the
magnetic field of the light wave with the electron magnetic moment. The contribution of
“isotropization” of the photocarrier distribution function to the shift LPV current in
semiconductors with a complex valence band is calculated. It is shown that the scattering of
photocarriers byl O-phonons in each stage of the cascade scattering process yields a current
contribution. © 1999 American Institute of Physid$$1063-7829)01201-9

INTRODUCTION Lyanda—Geller and Rasuldwhave calculated numeri-
) . cally the current due to the phonon mechanism of the shift
It has now been established that the momentum aligna g palistic LPV effects fop-GaAs and have compared the
ment of photoexcited carriers in crystals without an inversiony, o oretical values of the coefficientso, and bynen in E.
center under the inf.luen.ce of linearly polarized radiation Prot2) with experimental results. They noted apn appreciable
duces ordered motion, i.e., & photocurrent due to asymmetey, o ntitative discrepancy between the theoretical and experi-
of the scattering of carriers by phonons, photons, and othhenta| temperature dependences of the photocurrent. The
imperfections of the crystal structute. _ . discrepancy can be attributed to the numerical calculations
The currents generated by the shift and ballistic lineagging carried out without regard for the contribution of the
photovoltaic(LPV) effects in semiconductors with a degen- 4100 mechanism of the shift and ballistic LPV effects due
erate valence band as a result of the asymmetric scattering gf {0 presence of terms of different parities with respect to
carriers by longitudinal optical(LO) phonons (phonon 6 \yave vectok in the effective hole Hamiltoniaki (k) for
mechanism have been investigated thgoretlcaﬂ'ﬁ/.lt Was = theT'g band. Estimates of this contribution in Ref. 4, based
shown that the predominant mechanism of the effect iy, then-available data on the coefficidt characterizing
p—GaA.Z, at a temperaturd >250K and a hole density he yajue of thek-cubed term inH(k), have indicated that
p=10"-10"cn® in excitation by a CQlaser is transitions ¢ e of the photon mechanism is smaller than that of the
between the heavy-hole and light-hole branches, and that th, ,non mechanism. However, other dathow that the co-
temperature dependence of the photocurrent for the indicat€ticient D’ is 2.7 times the value assumed in Refs. 3 and 4.
mechanism is roughly described by the equation It is important, therefore, to calculate the photon mechanism
io=1x|6.5.|ese 1) of the shift and ballistic LPV effects, which is the objective
“ aByI=B=y: of the present study. To make the problem complete, we also
* \ 312 E* | apnoNo + bprod No +1) investigate the pref:ession mechanism of the photovoltaic ef-
x(T)= p( K T) exp( T Nt 1 . fects (photon entrainment due to the transfer of photon mo-
B B a (27 ~Mmentumto the system of carriers, and the shift LPV effact
piezoelectric crystals.

Here E* =fiwm,/(m;—m,), m; and m, are the effective
masses of heavy and light holes,is the frequencyl is the

intensity, e is the polarization vector of the exciting light
andNg, is the occupation number @fO phonons. The coef-
ficients aynon andbpnon in Eq. (1) depend on the parameters In addition to the phonon mechanism of the shift LPV

of the band structure, the electron-phonon interaction coneffect, there is also a photon mechanism associated with real-
stants, and the light frequency. space hole displacement in direct optical transitions between

PHOTON MECHANISM OF THE SHIFT AND BALLISTIC
" LINEAR PHOTOVOLTAIC EFFECTS

1063-7826/99/33(1)/6/$15.00 45 © 1999 American Institute of Physics
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branches of the valence band of GaAs. To calculate the cur- ) 12
rent produced by this mechanism, we use the equation |o—f dMJ o’o 2 0%(0%,,-0%,,)?%|
e’lege,| 8,5, J
_ BEYI Capy (B* (@)
Ja - 2am2o?hicn, fdkl {P K 21} O=ki/k (12
Xf18(Ea—E1~ho). 3 and the ratigj!) phOVK does not depend on the temperature.
Here n, is the refractive index of lightP,, is the matrix We note that not only the contributions to the shift LPV
element of the momentum operator current from the product of the linear term ki and the
k-independent ok-squared term in the matrix element of the
_ Mo -~ momentum operator, but also the contributions due to the
P=—2v,A, (@) : -
f perturbed part of the wave functions and splitting of the

light-hole and heavy-hole subbands are included in the cal-
culations. The inclusion of term&) and (6) in the Hamil-

tonianH leads to splitting of the light-hole subband:

H is the hole HamiltonianE,=#%%k?/(2m,) is the energy
spectrum/m; is the effective mass of holes of tht branch
(I=2 corresponds to the light-hole subband, &ad. corre-

sponds to the heavy-hole subbanand 6,4, is an antisym-

metric third-rank tensor, 8, y=X, Y, z. S 3 2 o? 2
From now on, in addition to thk-squared term Eir= 2m, =D’k 2 0%(0%+1~0s2) (13
N 5
H=|A+,B k?~B(J-k)? (5 (the heavy-hole subband does not split in this Lamed the
_ _ o inclusion of (7) in H leads to identical splitting of both sub-
we also include in the Hamiltonian thecubed term bands:
H,=D'J-K (6)
. h2 2
and the term linear ik Ef=s - V3kok/OZ+ O2 (14)
Hl:ﬁkov' K, (7 The inclusion of splitting in the energy conservation law
the argument of thés-function) yields an additional contri-
where bution [the emergence od, in Eq. (4)] to the shift LPV
K —K (k 2 ) 3 ( _p ) current in the first case and does not do so in the second case.
a a+tl Tat+2/)s =1 a+1™Jar2)] The latter is attributable to the fact that the linear splitting
HereJ,, denotes the matrices of the operator of projection ofE|(k) has no effect on the differende, —E; , which re-
the angular momentum ifiy representatiof,and mains fixed.

N ) It is evident from relatior(8) that the temperature varia-
AXB=1%/(2my ). tion of the current due to the photon mechanism of the shift
Now, making use of Eq(4) with allowance for(5)—(7) and LPV effect is determined by the temperature dependence of

summing over all degenerate states, after several transformi1€ light absorption coefficienk (T). The photon mecha-
tions we obtain nism of the ballistic LPV effect is attributable to the asym-

metric part of the probabilityW(39 of the optical transition
of holes between the branches of the valence band. Here the

I
hOt_ v
i “tw fo (@ TILege, 00, . ® probability W9 contains oddk terms, which are the result
where of the product of terms of different parities with respeckto
in the matrix element of the electron-photon interaction op-
e2 ho erator.
K(o,T)= chn. fo(E*) \ 55 9 Given Boltzmann statistics, the ballistic LPV current is

determined primarily by eight functiond,, which are pro-
is the light absorption coefficient associated with direct opportional to the imaginary part of the product of the matrix
tical transitions of holes between the light-hole and heavyelements of the momentum and electron-phonon interaction
hole branches of the semiconductor valence b&g(&*) is  operators. In addition to thek-squared terms it (k), we
the equilibrium hole distribution functior,) is a quantity  also take into account thie-cubed terms in calculating the

having units of length: current due to the photon mechanism of the ballistic LPV
D’ 21 effect, and we restrict the problem to Foh electron-
L®=— |14+ — 0) (100  phonon interactioR.Making transformations similar to those
2B 16m in Ref. 8, using the anticommutator expressions given in the

Appendix [see E(g.(32) (Ref. 8], and integrating over the
(12) solid angles of the wave vectors of the initial and final states
Q) andw’, we obtain the equations for

Lw__ Ko 4 MM,
h(l) \/§m1+m2 !
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TABLE |. Numerical values of the coefficients and b, (in nm) in p-GaAs for exciting light frequencie8 w=117 meV andiw=130 meV at room
temperature.

Photon Types of optical transitions

energy, A B C Ballistic Shift Total

meV a b a b a b a b a b a b
Phonon mechanism

117 -14.1 -2.7 15.3 4.0 -45 2.8 -23 4.1 -3.0 -3.0 -6.3 11

130 -15.3 -16 16.0 3.3 -4.7 2.8 —-4.0 4.5 -2.0 -29 -6.3 1.6
Photon mechanism

117 0.326  —0.119 0.5 -0.06 —0.551 0.0 0278 —0.2 0.2 0.2 0.467  0.04

130 0.318 -0.161 054 -0.05 -—0.562 0.0 0.3 -0.17 0.3 0.3 0.482  0.09
Resultant mechanism

117 -13.77 —2.88 158 364 —5.05 2.8 -3.03 3915 -281 -284 —583 11

130 -14.98 —1.77 16.59 335 —553 2.8 -3.7 433 -272 -272 -642 169

(En:(k ®,) and 5ﬁ=(k'¢n>nn' (15)  eventually begin to be scattered by phonons, by impurities,

a o ) . gy .

_ _ and by each other, depending on the energy, shifting in real

®,;=D[kk' 1Q;—(Qp+2Q,)/2], ®,=Dy(Qy—Q,), space in each step of the cascade scattering process and

— = , yielding a corresponding contribution to the total photocur-

®=(-1)"Pp(kek"), n=1,2, rent(see the Appendix This current differs from the current

where generated in the scattering of holes from the initial state, not

only by virtue of the collision-induced reduction in the de-

@ _32772 BD’ C2U2m2(kk')2 gree of anisotropy of the distribution, but also because of the
07 g2 Lmo(kk")*, energy dependence of the average displacement. The “par-
tial” photocurrents can have opposite signs in this case. The
1(+1 coefficientsa,po and bynet for the shift and ballistic LPV
_ = w1 phot phot
Qm_zf_l Pm(x)(a=x)""dx, (16 currents due to the asymmetry of hole-photon interaction

, . ,  Wwith inclusion of the squared and cubic termskinn H (k)
Pm,Z'S a Legendre polynomial of ordem, a=(k"  gn4 for the total current are given in Table I, where the
+k'?)/2kk’, and U is the amplitude of the relative dis- |giersa B, and C refer to the processes, B, and C dis-
placement qf optical vibrations of the two sublattices, __cussed in Ref. 4the values of the coefficientsy,on andbynon
Expressions for the current due to the photon mechanismyre taken from Ref.)3 Clearly, the ballistic and shift contri-
of the ballistic LPV effect, calculated on the basis of theptions of the photon mechanism to the current are compa-
functions®, and®,, according to Eq(8), are derived from  raple in order of magnitude, and these contributions partially
Eq. (1) by replacingBd,/+/3 with CD’ and replacin®pnon  cancel each othét.

and bppon With apnee @and byer. The extremely cumbersome  The calculated and experimental temperature depen-

expressions foB, andbyny are not given here. dences of the photocurrent forpatype GaAs sample with a
hole densityp=7.4x 10'*cm 3 are compared in Fig. 1. It is

COMPARISON WITH EXPERIMENT evident from the figure that the best agreement between

theory and experiment occurs in the vicinity of room tem-
ﬁerature, and allowance for the photon contribution to the
photocurrent in the temperature range- 200 K diminishes

the discrepancy between the theoretical and experimental re-
sults by 30%. It is important to note that the above theory of
photon mechanisms in the shift and ballistic LPV effects for
p-GaAs does not involve any fitting parameters.

For our subsequent quantitative calculations we use th
following values for the parameters of GaAlsO-phonon
energy #Q1=36eV; m;=0.5Im;, m,=0.09my; low-
frequency and high-frequency dielectric constasys-12.5
ande,,=10.9;|D'|=3.9x10 2%eV.cm?; p=5.31g/cm.

We begin by estimatind.(*). For different crystals the
constantk, lies in the interval (+6)x 10 °eV.cm (see,
e.g., Ref. 5. For GaAs irradiated by a CPQlaser fiw
—0.12eV) these values correspond tdY=(0.2—1.4) PRECESSION MECHANISM OF PHOTOVOLTAIC EFFECTS
X 1078 cm=(0.15- 1)Xyp, WhereXe,=0.17<10 7 cm at N THE CASE OF A SIMPLE BAND
room temperature. These estimates show that the contribu- |t is a well-known fact that spin splitting of the conduc-
tion to the shift LPV current from the asymmetry of the tion band takes place in crystals without an inversion center;
photon processes due to relativistic terms linedcin H are  in crystals of cubic symmetryQ,,) it is proportional tok?,
also comparable with the experimental values. and in gyrotropic crystaléssymmetryD ) it is proportional to

In the calculations of,o; andbye Wwe have allowed for  k, wherek is the electron wave vector. Spin-orbit interaction
the fact that when light is absorbed, the photons generatemduces not only rippling of the conduction band, but also
carriers with an anisotropic velocity distribution, which direct optical transitions of electrons between spin branches
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AE= VBIE T
for Te; O<f<1/4,
f=02-0;+030%(1-90%), O=Kk/k.

We note that in tellurium the distortion of the electron en-
ergy spectrum in association with the last two terms in Eq.
(2) is slight (see, e.g., Ref. 10
The light absorption coefficient due to direct optical
transitions with spin flip is given by the equation
2
S _(1-ebi)

Kg=————>—
ar 2men, hlo

xf d3k|epci|*fo(Ex ) S(2AE—fiw), (20)

where~1=kgT. For telluriunf’ with o-polarization €L z)

FIG. 1. Temperature dependence of the linear photovoltaic current fowe then have

p-GaAs with a hole densityp=7.4x10"%cm 3. Wavelength: (1) A

=10.6um; (2) A=9.5um. The points represent experimental data from
Ref. 4, and the solid curves are calculated from the photon mechanism in the

shift and ballistic linear photovoltaic effects.

at low temperatures and high hole densities, together with
indirect optical transitions. It will be shown below that the
possibility of such transitions leads to various optical and

photovoltaic effects.

The state of conduction electrons in crystals of symme-
try T4 is described by the Hamiltoniaisee, e.g., Ref. 9 and

the bibliography cited theje

. h2&K2
H= 2m, —(0Q), (17)
and for telluriunt®
. R
H= om —Bco K+ a(o k_+a_ky)
C
+ 80 Ko+ _K2)+idk,(k o, —k o),
(18
where

o.=(oxxioy)2, ke=kexiky, ki=k,k =KZ+k7,

ko=ki+ki, Q=kxm, m=kK1Ki2,

o, (@=X,Y, z) are the Pauli matricesn, is the effective
mass of electrons at the bottom of the conduction band,

So=h3y/2y2m3E,,

Eq is the width of the band gap.andB.,a.,d;, ands, are

semiconductor band parameters characterizing the ripplin

of the energy spectrum, which is given by the relation

h2k?
+AE.

Er= T

(19

Here 2AE is the spin splitting:
AE= 8ok3\f

for 11I-V semiconductors;

e’mga?
4men it BB.w

ho 72K
XeXPBl 5 om, )
C

ePEr(1—e Pho)

dir

(21)

and for n-type IlI-V semiconductors the absorption coeffi-

cient is
e2 ’
= _p Pho
dir anw(so(l € )1 (22)
whereEg is the chemical potentiak,=7% w/28,, and
1 _
(0, T)= EJ k dkf d dQfo(Ey ) S(Wie— V),
W, =hol(28,K3). (23

At low temperatures and in the presence of strong de-
generacy electrons with momenta differing from the Fermi
momentumk#A by an amount of the order ai‘omckf:ﬁ can
participate in optical transitions, including the direct kind,
photon entrainment effects, and shift LPV effects involving
spin flip, where

8= 8\2/NmE,

characterizes the intensity of spin-orbit interaction, and
m=2m.m, /(m.+m,), wherem, is the effective mass of
holes at the top of the semiconductor valence band.
Calculations show that for strong degeneracy and low
temperatures, i.e., in approximations where the density of
electrons is defined asn=k§/3772 (Ref. 9, for the

6—component of the shift LPV current imtype GaAs

4e?  5y(3m?n) |
= (1 _p Bho
S e T he  het T )8&. (29
and for tellurium
e, | m.6
= c12 f(w), (25)

_e27rcnwﬁ fo Bhiwp,

where
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ho ﬁké) APPENDIX

f(w)=eEFBexpﬂ(7— ﬁ
C

We consider a semiconductor with a complex band. Let
a charge carrier be situated in thin subband of thenth
level with energyE,, , and let the type of collision processes
Entrainment effects im-type I1-V semiconductors dur- D€ characterized by the quantity =E, /2(), whereA(} is
ing direct transitions between spin branches were first invesh®LO-phonon energy. The integral partof is the number
tigated theoretically in Ref. 9 without regard for the contri- of LO-phonons emitted by the carrier. Foy>1 the aniso-
butions to the photon entrainment current due to thdropic part of the distribution function decreases as a result of
influence of the magnetic field of an electromagnetic waveScattering processes involvig-phonons(and form <1 it
on the electron magnetic momé&hand due to inclusion of ~decreases on account of the scattering of carriers by acoustic
the photon wave vecto(g) in the momentum conservation Phonons, impurities, etc., whose contribution we disregard

endre polynomial$ ,(x), x=k-k'/kk’:

Ja=[(lexl?—Iey|?) Sax— (€:8] + ) Say].

3 7778 e3(372n)?? | o6 2
T30 s he R (26) f,<;“>:n20 bMP,(x), (A.1)
which stems from the interaction described by the opethtor whereb{™ is a coefficient characterizing the density of car-
oA, H2 riers in thelth subband at thenth level, andb{™ andb{™
VH:EQR“" (gxe), (27) are coefficients characterizing the diagonal and off-diagonal
0 (with respect to the band ordgrsontributions to the LPV
whereg is the electron Land factoA, is the amplitude of current. Now the variation of the anisotropic part of the dis-
the vector potential of the light wave, and tribution function in transition from the staten(,|’, k") to
the state n, |, k) by virtue of the emissionrt’ =m+1) and
; 2me (q(k-VkF)ﬁ(WF—\/?» 29 absorption (n’=m-1) of an LO-phonon is given by the
= - ir 7 . H
2 me dr'F <F5(WF—\/?)> relation
+1
The latter contribution arises when the photon momentum is (m") f P(X)Gy(X) (2, —x) " tdx
taken into account in the momentum conservation laws, nir 771 (A2)
where the angle brackets - -) signify angular averaging. bm +1 ) :
Here We=%w/(250k3) is the reduced frequency, equal to 1 Gin(X)(zi—x) " "dx
the ratio of the photon energy to twice the maximum spin- 3
orbit splitting energy in semiconductors of symmeffy Heré
(Ref. 9, and 1 . k,2+k|2,
F:k_A(kz_kg){1_4WE2k_6[(k)2(_k§)2_2k§k§]k§} G|/|(X)—§[P0+(_l) P2]1 2= 2k|k|; )
@9 M E DY k=K1, (A3)

The ratio of the shift LPV and photon entrainment cur-
rents inn-GaAs is equal to 47 (372n)Y¥(3qwre), where  Em=Ex+miQ, E ., are determined from the energy
7e=1(E=Eg). Here the photon energy is assumed to beconservation lawE, = En* 7}, where the plus sign cor-
approximately equal to the maximum spin-orbit splitting. responds to absorption, and the minus sign to emission, of an

The entrainment electron current density in Te can be writteO-phonon;m, m’=0, 1,2, ... . Substituting Eq.(33) into
in the form (32, we then have
L ® e | a¥(3w2n)?s M _ GN(z) )
T 3%k e 3342 ™ G¥(z,)’ '
dnte g where

XqTg 1—,3E|:+ aln—EF‘Fﬁ .

(30) 1

G =5 +(~1)'*"(3Q¢ - Q)12
We note that the inclusion of the photon wave vector in
the momentum conservation law provides zero contribution 1 ,

to the photon entrainment current in Te. The possibilities 01(3|(,1,)=§[Q(10)+(— 1) (3QP +2Q4)/5], (A.5)
discriminating the currents due to the precession mechanisms

of the photon entrainment and shift LPV effects occurring in ) 1 © "y @ @ @

both direct and indirect optical transitions are identical, soGi/1 =3[ Q3" +(—1)""" (36Q4"+55Q; ™+ 14Qy™)/109],
that for the shift LPV effect this problem must be treated

exactly as in Ref. 9, where it is discussed for photon entrain-_ s ' _

ment in semiconductors of symmefFy. Qr=qy )(Zm):f Pn(X)Prr(X)(Z11—Xx) " tdx.
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Assuming that =1’, for n=2 we at once obtain from Eq. !B.I. Sturman and V. J. FridkirPhotovoltaic Effect in Media Without a
(34) the expression derived in Ref. 14 to describe the de- Center of Symmetry and Related PhenomgneRussiar}, Nauka, Mos-
crease in the anisotropic part of the photoelectron distribu-,°"" 1992.

L f . in th d . band . | boli E. L. Ivchenko, G. E. Pikus, and R. Ya. Rasulov, Fiz. Tverd. Tekn-
tion function in the conduction band. For a simple parabolic ingrad 26, 3362(1984 [Sov. Phys. Solid Stat26, 2020(1984].

band we obtain the following expression from Eg4): 3Yu. B. Lyanda-Geller and R. Ya. Rasulov, Fiz. Tverd. Télaningrad
, 27, 945(1985 [Sov. Phys. Solid Stat27, 577 (1985].
bi"  m+m’ -1 ym' + ﬁ‘ (A6) 4A. V. Andrianov, E. L. Ivchenko, G. E. Pikus, R. Ya. Rasulov, and 1. D.
= —In , . YaroshetskKi, Zh. Eksp. Teor. Fiz81, 2080(1981) [Sov. Phys. JETB4,
(m) / Im’ — '
by 2ymm m’'—m 1105(1981)].

. . SA. N. Titkov, V. I. Safarov, and G. Lampel, iRroceedings of the 14th
’ ’ ’ ’
wherem andm’ are the carrier energies before and after the International Conference on the Physics of Semicondudidinburgh,

emission or absorption of anO-phonon in units ofi (). 1978, p. 1031.
We note that for large values ofi (andm’) the ratios V. I. Belinicher, E. L. Ivchenko, and B. I. Sturman, Zhkd$p. Teor. Fiz.
b.,/by andb_, /b, differ very little from one another. For 83 649(1982 [Sov. Phys. JET®B6, 359 (1982].

example, ifE,,= 104, these ratios assume values of the C:L: Birand G. E. PikusSymmetry and Strain-Induced Effects in Semi
conductors(Israel Program for Scientific Translations, Jerusalem; Wiley,

order of 0.7 for gallium arsenide, implying that the aniso- ey vork, 1975: Nauka, Moscow, 1972

tropic part of the distribution function in the first stage of the r. va. Rasulov, Author’s Abstract of Doctoral Dissertatfom Russia,

cascade scattering process decreases by a factor of 1.4.  St. Petersburg, 1993.

9S. B. Arifzhonov and A. M. DanishevskiFiz. Tverd. Tela(Leningrad
15, 2626(1973 [Sov. Phys. Solid Stat&s, 1747(1973].

10E. L. Ivchenko and G. E. Pikus, Fiz. Tverd. Tdlaeningrad 16, 1933
(1974 [Sov. Phys. Solid Stat#6, 1261(1974].

IE. T. Vas'ko, Fiz. Tekh. Poluprovodri8, 86 (1984 [Sov. Phys. Semi-

YThe ratio obtained for the total current|&/|bd =5, in agreement with
the experimental data, according to whild,|>|b,{, whereas for the
photon mechanism we haya|/|b= 10.

2The value of y.| determined from the spin relaxation time of electrons for cond. 18, 51 (1984]

3)ga||ium arsenide,_according to Ref. 5, i$ equal to 0'022_' 12E. Normantas, Fiz. Tekh. Poluprovodts, 2222(1982 [Sov. Phys. Semi-
The photon entrainment effect and the linear photovoltaic effect have been cond. 16, 1438(1982].

investigated earlier without regard for spin ffip. 13G. L. Bir, E. Normantas, and G. E. Pikus, Fiz. Tverd. Téleningrad 4,
“The spin-orbit splitting of the conduction band in Te is much greater than 1180(1962 [Sov. Phys. Solid Staté, 867 (1962].
in 1ll-V semiconductors. Consequently, a number of polarization opticali4g p. zakharchenya, D. I. Mirlin, V. I. Perel’, and I. I. Reshina, Usp. Fiz.

and photovoltaic effectscan be detected by simpler methods. Nauk 136, 459 (1982 [Sov. Phys. Usp25, 143 (1982)].
9An expression foll'(w, T) has been derived previouslfor the case of

strong degeneracy. Translated by James S. Wood
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Ultrashallow p*—n junctions in Si (111): electron-beam diagnostics of the surface
region
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Ultrashallowp™ —n junctions fabricated in $111) are investigated by low- and intermediate-
energy electron-beam probing of the surface region in order to determine how the
crystallographic orientation of the silicon films affects the mechanisms for nonequilibrium
diffusion of boron. A comparative study is mademf—n junctions made on bottl11) and(100
silicon with regard to how the irradiation-induced conductivity depends on the energy of the
primary electron beam, and also its distribution with area. Using this method, it is possible to
determine how the probability of an electron-hole pair being separated by the electric field

of the S{111) and S{100) p" —n junctions varies with depth into the crystal, which experiments
show is different, depending on whether diffusive motion of impurities is dominated by the
kick-out or dissociative-vacancy mechanisms. It was found that for boron in silicon the kick-out
type of diffusion mechanism is strongly enhanced in[th&l] crystallographic direction,

whereas diffusion in thgl00Q] direction is primarily driven by vacancy mechanisms. It is shown
that collection of nonequilibrium carriers in thpg" —n junction field is strongly enhanced

when the diffusion profile consists of certain combinations of longitudinal and transverse quantum
wells. © 1999 American Institute of Physids$1063-782609)01301-7

1. INTRODUCTION probability of separation of electron-hole pairs by the field of
the p™ —n junction varies with depth into the Si crystal.

When single-crystal silicon acts as a getter of oxygen at

a_si!icon—S_i_Q boundary, excess fluxes of vacancies or intrin-z_ OBTAINING ULTRASHALLOW p*—n JUNCTIONS IN

sic interstitial atoms are generated at the boundary interfacg,, |~y

As these defects migrate into the silicon, they drag impurity

atoms along with them. Study of the distinctive features in  Ultrashallow p* —n-junctions were made by diffusion

the annealing and generation of these defects as they migra®é boron inton-type silicon single crystal films with a thick-

could lead to practical use of this effect to obtain ultrashal€sS of 350um and various resistivities: for @i00), p

low diffusion profiles of boron and phosphorus with a sharp=1-0 and 2d2-cm, and for Si111), p=5 and 9Q1-cm.

boundary*?> The depth and properties of ultrashallow T_he first ste_zp in fabicating t_hp+— n junctions was to oxi-
diffusion- inducedp ™ —n junctions depends on the thickness d|z_e bOt_h sides _Of the film in o!ry oxygen at 1150°C, aftgr
of the predeposited oxide, the diffusion temperature, and thWhICh circular windows 3 mm in diameter were opened in

crystallographic orientation of the silicon single crystals € oxide layer on the working side of the film by photoli-
y grap ) y "thography. These windows were then exposed to gas-phase

These parameters determine the intensity of the exchango%ron, which was allowed to diffuse into the Si for a short
interaction between doping impurities and intrinsic intersti—time (4 min). In the course of these studies, we varied the
tial atoms and nonequilibrium vacancies, which stimulategit,sion temperaturé800, 900, and 1100 9Gwhile holding
impurity diffusion via either the kick-out or vacancy mecha- the thickness of predeposited surface oxide constant. This
nisms, respectively= In this paper we describe the results procedure allowed us to simulate conditions for the kick-out
of our studies of how crystallographic anisotropy of theseand vacancy impurity diffusion mechanisfsMaking the
diffusion mechanisms influences the transport properties ohickness of predeposited oxide on both sides of the film
nonequilibrium carriers in ultrashallowp™ —n junctions  greater thandy=0.44 um provided additional injection of
made in Si100 and S{111). Our experimental method is vacancies at all the diffusion temperatures usdthe high
based on probing the surface region with low- and high-concentrations of intrinsic interstitial atoms and vacancies
energy electron3® which allows us to determine how the responsible for dragging and braking the doping impurity

1063-7826/99/33(1)/5/$15.00 51 © 1999 American Institute of Physics
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FIG. 1. Boron concentration profildg (a) and collection functior(b) in silicon p* —n structures obtained &t;;=1100 °C. Film crystallographic orienta-
tions: 1, 2 — (111); 3, 4— (100); original doping level of phosphorus substratéP), cm 3 1 — 9x 10", 2 — 5% 10%, 3 — 5x10%, 4 — 5X 10" (¢)
sample raster image of the distribution of irradiation conductivity over the surface of the structure for excited electrorEgner@90 eV andN(P)=5

x 10 em 3,

atoms were provided by adding dry oxygen and chlorinef(x) in this region is related to the probability of separation
compounds to the boron-containing gas phase during the dibf electron-hole pairs by th@* —n junction field, and is
fusion process. During the final stage of the fabrication pro-determined primarily by the nonequilibrium carrier lifetime
cess, ohmic contacts were made along the perimeter of thend electric-field distribution.

windows and from the back side of the films. The spatial

distribution of boron concentration in these ultrashallow dif-

fusion profiles was determined by secondary-ion mass sped- CHARACTERISTICS OF ULTRASHALLOW p*—n
trometry (SIMS) -2 JUNCTIONS ARISING FROM CRYSTALLOGRAPHIC

ANISOTROPY OF THE MECHANISMS FOR
NONEQUILIBRIUM IMPURITY DIFFUSION
3. ELECTRON-BEAM DIAGNOSTICS OF SURFACE LAYERS . .
OF SINGLE-CRYSTAL SILICON Figures 1-3 show the results of our studies of ultrashal-

o . ) low p*—n junctions formed at various diffusion tempera-
The small diffusion depth of the™ profile (5-30 nm i ¢res on the surface of single- crystal Si films wit®0) and
these ultrashallowywp ™ —n junctions favors the use of irradia- (111 orientation andh- type conductivity. At temperatures
tion conducti_vity created by a focused electron bea_m to studyf 1100 and 800 °C, boron penetrates into the single-crystal
them>® Varying the energy of the electron beaj in the  jlicon under conditions dominated by kick-out and vacancy
range from 0.1 to 3.0 keV smoothly va}ries the probing depthynechanisms for impurity diffusiotFigs. 1a and 2a2 In
from 2 to 250 nnt. Moreover, by scanning the electron beampoth cases the diffusion process is accelerated by an intense
along the area of the structure under study we can estimaigchange interaction between impurity atoms and defects—
the degree of uniformity of the doping impurity distribution inyrinsic interstitial atoms in the first case and vacancies in
within the diffusion window? The experimental dependences the second:? The velocity of the diffusion leading edge is
of the irradiation conductivity on beam energyE,) can be  found to be a minimum af =900 °C due to the approxi-
processed using regularizing algorithms from the theory ofnately equal contributions of various diffusion mechanisms,
ill-posed problems, making it possible to recover the unyyhich lead to complete elimination of intrinsic interstitial
known collection functionf(x) for nonequilibrium carriers  atoms and vacancies near the working surface of the silicon
that enters into the integral equation film (Fig. 3a. Diffusion profiles obtained under conditions
= g(Ep,X) of short-time nonequilibrium diffusion differ in shape from
YEp)= f e [()dx, (1) the classical profiles. The boron profile is ultrashallow, both
0 when impurity diffusion is suppresséfig. 3@ and when it
whereg(E, ,x) is the one-dimensional distribution of spe- is acceleratedFigs. 1a and 2awhich is further evidence of
cific energy loss by primary electrons with respect to depthtthe important role played by dragging of doping impurities
into the silicon,A¢ is the average energy expended in gen-by vacancies and intrinsic interstitial silicon atoms in impu-
erating a single electron-hole pair, ah) is the collection rity diffusion.
function of the p™—n junction®® which determines the By diffusing boron into single-crystal silicon at
number of electron-hole pairs excited at a deptthat are  =1100 °C, i.e., under conditions where the dominant mecha-
capable of contributing to the induced current. For irradiationnism is the kick-out type, we ensure that the diffusion profile
by electrons with energies in the range 0.1 to 3.0 keV, thdies deeper in the crystal. However, the concentration of dop-
function f(x) can be studied directly within the limits of the ing impurities on lattice site¢Fig. 13 is lower than it is
space-charge region of tige” — n junction. The behavior of when the diffusion takes place at 800 °C, i.e., when vacancy-
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FIG. 2. Boron concentration profildg (a) and collection functiorb) in silicon p*™ — n structures obtained at;; =800 °C. Film crystallographic orientations:
1,2— (111); 3, 4— (100); original doping level of phosphorus substratéP), cm™3: 1 — 9x 10" 2 — 5x 10, 3 — 5x 10'°, 4 — 3Xx 10" (c) sample
raster image of the distribution of irradiation conductivity over the surface of the structure for excited electrongpet@p0 eV andN(P)=9X 10%cm™3.

related diffusion mechanisms operdkég. 23. Here (BVg) ™ is a center with symmetrC,y, (Ref. 12,

A clear indicato?® of how the kick-out type of diffu- whereas B and (BVg) " form centers with symmetrieE
sion mechanism is enhanced as the crystallographic orientandD,4 (Refs. 12 and 18
tion for the sample changes frot®00) to (111) is the cor- Because rearrangement of negatively charged acceptors
responding increase in the depth of the diffusion prdfiig.  takes place predominantly along thHEL1] axis, this crystal-
1a). Furthermore, the impurity diffusion coefficient dependslographic direction determines the maximum effectiveness
on the charge state both of the diffusing impurity and thefor nonequilibrium diffusion via stimulated injection of ex-
intrinsic interstitial silicon atond! whereas their diffusion cess interstitial silicon atoms. It is noteworthy that the rate of
process is most effective in- and p-type samples and is reaction(2), which depends on the rate at which impurity
relatively suppressed in lightly doped silicoRig. 18. This  and intrinsic ions are generated by trapping of electrons and
implies that a major contribution to the impuritjaterstitial  holes from the conduction and valence bands, is in principle
silicon aton) type of exchange interaction, on which the an indicator of the original degree of doping of theype
mechanism for the kick-out type of diffusion in a silicon silicon. Because the capture cross section for thermally ex-
lattice is based, comes from rearrangement involving a boronited electrons by boron acceptors
and an interstitial silicon ion:
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FIG. 3. Boron concentration profilg (a) and collection functiorb) in silicon p™ —n structures obtained at;;=900 °C. Film crystallographic orientations:

1,2 — (111); 3, 4— (100); original doping level of phosphorus substr&té), cm 3: 1 — 9x 10, 2 — 5X 10", 3 — 5x 10, 4 — 3x 10" (c) sample
raster image of the distribution of irradiation conductivity over the surface of the structure for excited electronigret@p0 eV andN(P)=5X 108 cem3.
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is larger than the analogous capture cross section for amph@a and 2c; see Ref,)6This behavior is also attributable to
teric interstitial silicon the fact that thg¢ 100] crystallographic direction in silicon is

_ most favorable for motion of vacancies. Furthermore, the
i boron-vacancy exchange interaction weakens as the original
the most effective process is found to be an Auger proces§oncentration of phosphorus increagese Fig. 2a, curves
which induces recombination of thermally excited carriersand2). This implies that the position of the Fermi level in

via the diffusing boron atoms dragged by the flux of intersti-N-type silicon determines the rate of nonequilibrium impurity
tial silicon atoms: diffusion mediated by vacancy mechanisms involving the in-

teraction of charged boron centers and ionized vacancies:

Si’+e—Si

2(e+h)+ B2+ Si°—(B;Vg)  +Si" +e+h—B2+S{.
(3 By +Vg— Vgt Be. (4)

Therefore, reactiorf2), which describes impurity diffusion Because th&/" vacancy with energf,+ 0.13 eV in
accompanied by charging of the diffusive component, has itsilicon is a center with symmet®,, (Ref. 15, injection of
highest rate in heavily doped silicon of either conductivity excess vacancies most effectively accelerates impurity diffu-
type, due to the high probability for generation of thermally sion in the[100] direction. This process is primarily con-
excited holes(see Fig. 1a Consequently, nonequilibrium trolled by the generation of negatively charged boron centers
diffusion of boron in silicon films with crystallographic ori- (E,+ 0.044 eV} and positively charged vacancies via trap-
entation(111) under conditions where the kick-out type of ping of electrons and holes from the valence band:
mechanism dominates can be enhanced by increasing th
concentration of original donor impurities. g ° BQS)+Vgi_’(BiVSi)_+Vgi+h_>(BiVSi)_+V§i_>Vgi+ BS.

Electron-beam probing gf* —n junctions obtained un- ®)
der conditions where the dominant mechanism for diffusion  Consequently, increasing the initial concentration of do-
is the kick-out type shows that an increase in the collectiomor impurities decreases the concentration of positively
function, which reflects the depth distribution of charged vacancies, thereby braking the diffusion process
recombination-active centers, accompanies the increaseghen excess vacancies are injec(Edy. 29. The decreased
depth of the diffusiorp™ -profile as the crystallographic ori- rate of impurity diffusion in thg111) direction also leads to
entation of the film is changed frod00) to (111) (Fig. 1b. the generation of vacancy complexes near the boundary of
This is associated with enhancement of the excess fluxes tiie p* —n junction, which strongly decreases the lifetime of
intrinsic interstitial atoms in the directiofl11], which  nonequilibrium carrier®1[In this case, the role of the back
stimulates gettering in the bulk of the film and decreases théace of the film in suppressing impurity diffusion via
concentration of point defects that are centers of recombinasppositely-moving vacancy fluxes will be considerably
tion for nonequilibrium carriers near the film's working sur- weaker in Si111) than in S{100.] The discussion given
face. This improvement in the transport properties of nonhere explains the increase in the “dead layer” region, re-
equilibrium carriers is also reflected in the shape of theirflected in the step-like shape of the collection functf@r),
collection function(curve 1, Fig. 1b, whose abrupt increase in which excited electron-hole pairs do not participate in
at x~ 50 nm is connected with multiplication of holes and generating irradiation conductivity because of the small car-
electrons within a diffusion profile that is a combination of rier lifetime and the presence of longitudinal quantum wells
longitudinal and transverse quantum wéfl#A raster image  (parallel to the plane of the™ —n junction) within the dif-
of the distribution of excitation photoconductivity shows that fusion p " - profile®# (Fig. 2b). In certain cases the presence
the mobility of intrinsic interstitial atoms in §ill) is suffi-  of a combination of longitudinal and transverse quantum
cient for generation of a uniforpp® —n junction over the wells'* leads to a step-like shape féfx) (Fig. 2b, curve2)
entire area of an open windofiig. 19. In contrast to analo- for the same reasons as when the kick-out type of impurity
gous raster pictures qf" —n junctions in S{100).° the im-  diffusion mechanism dominatéig. 1b).
age obtained does not exhibit any suppression of excitation The high doping impurity concentrations within the dif-
photoconductivity near the boundaries of the open windowfusion profile obtained when the mechanisms discussed
due to the rapid annihilation of vacancies and intrinsic inter-above are equally effective indicate the important role of
stitial atoms that form continuously at the silicon-oxide surface vacancy injection in creatimg” —n junctions (Fig.
boundary. This is connected with a lower average diffusiorBa). Nevertheless, the fact that the depth of the diffusion
length of vacancies, one that is considerably lower in theprofile and concentration of shallow donorsrittype silicon
[111] direction than it is for SiL00) films.1:310 both increase as the orientation is changed fid®0 to

The impurity concentration within these ultrashallow (111) indicates a certain dominance of the kick-out type of
diffusion profiles increases at low diffusion temperaturesimpurity diffusion mechanism under these conditions
(800°Q under conditions where vacancy mechanisms for(T4=900°CQ. Moreover, because the rate of diffusion is
nonequilibrium impurity diffusion play a decisive ro(€ig.  lower over the entire area where thé — n junction forms, it
2a). Even though the diffusion temperature and oxide thick-is possible to reach steady-state conditions. This makes it
ness favor the formation of a diffusiop™ -profile, p™ —n possible to obtaip ™ — n junctions with doping impurity dis-
junctions obtained in $111) films are shallower than analo- tributions that are independent of the crystallographic orien-
gous p*—n junctions created in §100), and not so uni- tation of the film (see Fig. 3c of Ref. 6 The results of
formly distributed over the area of the open windékigs.  electron-beam probing demonstrate that the collection func-
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The spectral photoresponse characteristics of heterojunctions made-tyjie GaAs and

amorphous films of AsSe; are investigated for various thicknesses of the chalcogenide-glass
semiconductor film. Expressions are obtained for calculating the following quantities: the

fraction of light absorbed in the chalcogenide-glass semiconductor; the fraction of light absorbed
in the GaAs, taking into account multiple reflections within the structure; and their ratio.

Light absorption in the structure is analyzed, and the origin of the heterostructure photoresponse
is modeled. Experimental results are found to be in agreement with the theoretical

calculations. ©1999 American Institute of Physids$$1063-7829)01401-5

INTRODUCTION study’ which was published previously. Measurements were
The majority of papers devoted to investigating the prop_made with both positive apd negative voltages on the collec-
erties of heterojunctions have dealt with heterojunctionsfor.eleCtrOde' The magnitude of the voltage: could be
based on crystalline materials. Such heterojunctions have aY-a”ed from O t0 20 V.
ready found application as radio-engineering elements, pho-
todetectors, and injection laséré.Recently, a search has RESULTS
begun for new heterostructure materials and concepts, in-
cluding crystal-amorphous film heterojunctichs. These

heterojunctions are interesting because it is possible to inte

tionally change their properties by changing the compositio

We investigated the photoresponse spectral characteris-
fics of heterostructures with CGS film thicknesses of 0.3, 1,
ri':md 5um. By changing the film thickness we were able to

of the amorphous films. In this paper we will describe our”ay the region of maximum sensitivity of the heterostruc-

studies of the photosensitivity spectrum of heterojunctioné.ure' Figure 1 shows the photorgsponse sp(_actral -charactens—
made with epitaxialn-GaAs and an amorphous film of tics of heterostructures with various CGS film thicknesses.

As,Se,. These plots were obta!ned farc=1 V and are normalized
to the value of the maximum photoresponse. For heterostruc-

tures with a CGS film thickness of 0.8m, the photore-
sponse spectral characteristic has one maximum in the range

In order to obtain the photosensitivity spectra of aof optical photon energies of 1.4 eV. For a heterostructure
n-GaAs—AsSe heterojunction, we first made a with a CGS thickness of L.m, two maxima were observed
Al-i-GaAs-n-GaAs—AsSeg—Al structure. The heterojunc- in the photoresponse spectral characteristic, onevat1.4
tions were made from single-crystal samples of intrinsic gal€V and one athr=1.85 eV. The peak associated with
lium arsenide, on whose surface was grown an epitaxial laygrhotoconductivity of gallium arsenide is virtually unobserv-
with n-type conductivity. In all the samples, the carrier con-able on the third curve, which was plotted for a heterostruc-
centration in the epitaxial layers was of the order of lture with a CGS film thickness of aum; here the main
X 10%?m~3. In order to obtain a heterojunction we depositedcontribution to the photoconductivity comes from the
a layer of the chalcogenide glass semiconductyS&son  As,Se. The photosensitivity maximum in this case lies in
the epitaxial layer of GaAs by thermal sputtering in vacuum.the range 1.9 e\(Fig. 1). The response curves obtained at
In making the heterojunctions we varied the thickness of thénigh voltages on the collector electro@€g. 2) provide evi-
chalcogenide glass semiconduc(@GS from 0.3 to 5um.  dence that the photoresponse spectral characteristic of a het-
We then deposited semitransparent but thick layers of alumierostructure with an arsenic triselenide film thickness
num on the film surface by vacuum sputtering. Before sputd=1um is derived from the GaAs and 4Se; photoconduc-
tering on the thick layer, we covered the central portion oftivity. The curves shown in this figure clearly exhibit two
the sample with a mask, beneath which the semitranspareptaks, one at photon energy= 1.4 eV (the GaAs photo-
layer of aluminum was preserved. This layer served simultaconductivity) and a second at photon energy= 1.95 eV
neously as a collector electrode and a window through whiclithe As,Se; photoconductivity.
the heterostructure could be illuminated. We also deposited a In investigating the photoresponse spectral characteris-
thick layer of aluminum on the back side of the intrinsic tics of heterostructures with various thicknesses of the CGS
GaAs substrate in order to contact the sample from the backilm we can compare the experimental results with calcula-

Our method of investigating the photosensitivity spectrations that take into account absorption in the semiconductor
and also our measurement apparatus, were described in dager with multiple reflections from the layer boundaries that

SAMPLE PREPARATION AND METHOD OF INVESTIGATION

1063-7826/99/33(1)/4/$15.00 56 © 1999 American Institute of Physics
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FIG. 1. Spectral characteristics of the photoresponse af-@aAs-arsenic ( b
triselenide heterostructure at various CGS film thicknegsgsn: 1 — 0.3,
2—1,3—5.

make up the heterostructure. The results of such calculations
show that for a CGS film thicknegk= 0.3 m absorption in

the arsenic triselenide is strong only at photon energies
hv>1.9 eV, and hence the primary source of photoconduc-
tivity will be absorption in the GaAs over the entire range of
photon energies for which the photoresponse spectral char-
acteristics were measuré¢Hig. 1). Moreover, recombination
processes play a significant role at moderate voltages on the
collector, and therefore the distinctive features of the photo-
response spectral characteristics, as has been observed ex-
perimentally, are washed out. For samples with CGS film 7.2 1.4 1.6 18 2.0
thicknessd=1 um the transition from absorption in GaAs to hv,ev

absorptlon in AsSey takes place ahv>1.7 eV and there- . FIG. 2. Spectral characteristics of the photoresponse af-@aAs-arsenic
fore the phOtoreSponse spectral characteristic should eXh'hﬁselenide heterostructure for negative polarity on the collecting electrode
both a region associated with GaAs photoconductivity and &., vV:a)1— -05,2— -1; b 1— —4,2 — —10,3 — —20.
region associated with ASe; photoconductivity, which is
actually seen in the experimentally obtained photoresponse
spectral characteristics. For thick filmg=£€5 um) absorp- entire voltage range. The resulting normalized curves, ob-
tion in the CGS becomes dominant at still lower photon entained for a CGS film thicknesd=1 um and negative po-
ergies, which should lead to an even more distinct region ofarity on the collecting electrode, are shown in Fig. 2. For the
As,Sg photoconductivity in the photoresponse spectralcurves corresponding to collector voltages-60.5 V and
characteristics of the heterostructure. Moreover, increasing-1 V the photocurrent increases rapidly in the photon en-
the thickness of the ASe film leads to an increase in its ergy range 1.3 to 1.4 eV, develops a shoulddriat 1.4 eV,
resistance, until at large thicknesses the resistance of the filand then continues to increase more slowly. For voltages on
makes the dominant contribution to the total resistance of théhe collecting electrode in the range4 V to —20 V, the
heterostructure. Therefore, the contribution of GaAs photofeature athv=1.43 eV is no longer a shoulder, but rather a
conductivity to the photoresponse spectral characteristic bggeak which is clearly distinguishable from the rest of the
comes small, although the region of GaAs photoconductivitycurve. At low collector voltages, the curves have their pri-
is still observable on the photoresponse spectral characterigiary maxima at photon energibs'=1.75-1.8 eV; in this
tic (Fig. 1, curved). The distinctive features discussed abovevoltage range, the peak shifts toward higher photon energies
are easily seen on curves obtained at high collector voltagesjith increasing collector voltage. For voltages in the range
when the external field causes separation of carriers and re-4 to —20 V the peak is located at an enefgy=1.97 eV.
combination processes no longer modify the shape of th&or negative polarity on the collecting electrode the photo-
photoresponse spectral characteristic so strongly. current corresponds to motion of positive charge towards the
In studying the voltage dependence of the photoresponsmllecting electrode for all the cases investigated.
spectral characteristics of these heterostructures, we scaled For all the photoresponse spectral characteristics mea-
the curves to the same intensity of incident light over thesured at zero or positive potential on the collecting electrode,
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B a increase, the photocurrent increases more slowly and reaches
a maximum athv=1.8 eV. In this range of collector volt-
ages, reversing the polarity produces only a slight change in
the magnitude of the photocurrent.

Increasing the voltage on the collector electrode to 3 V
causes a rapid increase in the magnitude of the photocurrent
(by roughly a factor of 30 Any further increase in the volt-
age is also accompanied by a considerable increase in the
photocurrent. Increasing the collector voltage not only in-
creases the photocurrent but also changes the shape of the
photoresponse spectral characteristics. At high voltages the
ratio of the photocurrent at its maximum to the photocurrent
near the shoulder &tv=1.4 eV increases, and the position
of the primary maximum shifts. While for low collector volt-
ages the maximum is locatedtat= 1.8 eV, at high voltages
it shifts toward photon energidsr=1.9—-1.95 eV. This shift
is analogous to that observed for the negative-polarity case.

The appearance of a photocurrent with no external volt-
age applied to the heterostructure is explained by the fact
that the photogenerated carriers are separated by fields near
the barriers that arise in the heterostructure at the boundaries
of the contacting materials. Evidence for this occurrence is
the fact that at moderate positive voltagds-(~1 V) the
magnitude of the photocurrent differs only slightly from its
magnitude in the absence of an external voltégg. 3). As
the positive voltage applied to the collector is increased fur-
ther, the photocurrent increases rapidly. In this case the pho-
tocarriers are being separated by the external field. Thus, as
long as the external field is small compared to the fields near
the boundary in the heterostructure, the direction and magni-
tude of the current is primarily determined by internal barri-

i L A ) ers. Additional confirmation is the fact that for small nega-
7.2 1.4 1.6 1.8 2.0 tive biases on the collector the photocurrent is considerably
hv,ev smaller than for positive voltages of the same magnitude. In
FIG. 3. Spectral characteristics of the photoresponse af-GaAs-arsenic  thiS case it is noteworthy that the photocurrent maximum
triselenide heterostructure for positive polarity on the collecting electrodéincreases with increasing negative voltage on the collector
Uc,Vig1—0,2—1;bp1—32—4 more rapidly than it does for increasing positive voltage
(Figs. 2 and R Thus, at a voltage of-4 V on the collector
the maximum value of the photocurrent is roughly 2.5 times
the corresponding photocurrent consists of motion of electarger than at a voltage of4 V. Since the maximum value
trons toward the collector while holes move toward the thickof the photocurrent lies in the region determined by photo-
aluminum layer on the back side of the heterostructure. Beeonductivity of the CGS film, this is easily explained by the
cause the mobility of holes in CGS is considerably higherfact that the majority carriers in CGS are holes. For negative
than that of electrons, it is the motion of holes in these mavoltages on the collector, the photogenerated holes arrive
terials that determines the direction of current through thémmediately at the collector electrode from the CGS. In
heterostructure. Figure 3 shows photoresponse spectral ch&aAs the mobility of electrons is larger than that of holes;
acteristics obtained at voltages fromd®4 V on thecollec- consequently, the recombination processes will play a
tor. The curves were measured for a CGS film thicknessmaller role, and therefore the photocurrent will be larger. In
d=1um. At low positive voltageg0.5, 1 V) the photocur- the range of photon energiés'=1.4 eV, when light is ab-
rent is larger in magnitude than the photocurrent for the sameorbed not in the CGS but rather in the GaAs, the magni-
negative-polarity voltage. At voltages almo4 V the photo- tudes of the photocurrent at voltagest and +4 V on the
current for a given negative-polarity voltage on the collectorcollector are nearly the santEig. 3). In this case, the asym-
is much highr than the photocurrent for the same positivemetry of the hole and electron mobilities in /& and
polarity voltage. GaAs does not play a decisive role, since in GaAs electrons

For zero external voltage on the heterostructure, and alscan move both towards the thick aluminum layer-" on
at low collector voltages Ycs~1 V), the photoresponse the collectoy, and towards the CGS filri* +" on the col-
spectral characteristics exhibit a rapid increase in photocudectorn where they then can recombine with holes.
rent in the range of quantum energies<i&v<1.4 eV, and In the range of photon energies ¥£Bv<1.4 eV we
a shoulder ahv=1.4 eV. As the photon energy continues to observe a photocurrent for negative polarity on the collector

7.5

750

1001

I,nA

50




Semiconductors 33 (1), January 1999 Arzhanukhina et al. 59

that is not present for positive polarity. The presence of thigolarity voltages, the magnitude of the peak associated with
photocurrent can be explained by photoemission of holethe GaAs photoconductivity increases with increasing abso-
from the thick Al layer on the back side of the heterostruc-lute value of the voltage. The increase in photocurrent is
ture. For negative voltages on the collector, these photoemitnore rapid for increasing negative-polarity voltages than it is
ted holes can reach the collector through the GaAs antbr positive-polarity voltages.

As,Seg. Hole photoemission was observed in studies of po-  When there is no external voltage applied to the hetero-

tential barriers at an Al-GaAs boundary in Ref. 7. structure, and for low positive voltageb ¢<1 V), the pho-
togenerated carriers are separated at barriers that are present
CONCLUSIONS in the heterostructure. At higher voltages the carriers are

In this paper we have proposed a model for the origin ofSeparated by the external field.

photoresponse in GaAs—§8e; heterostructures. We have

shown that the shape of the photoresponse spectral charac-

teristics of these heterostructures is determined by the thick*A. G. Milnes and D. FeuchtHeterojunctions and Metal-Semiconductor

ness of the amorphous és% |ayer_ At film thicknesses of Junctions(Academic Press, New York, 1972; Mir, Moscow, 1975, p)12.
2 ; 2

0.3 um and smaller, the photoresponse spectral Chal’aCterIS-Q'OVéAﬁg?{]éé'QA' Karpovich, and A. A. Safronov, Izv. Vuzov Fizils,

tics are determined primarily by absorption in the GaAs. At a3y, venkataraman, Curr. Sc7, 855 (1994.

film thickness of 1um both the GaAs and ASe; contribute  “M. A. lovu, M. S. lovu, A. A. Simashkevich, D. I. Tsiulyanu, and S. D.

to the photoresponse spectral characteristics, while for a film fgg(t)ovy '\fggef- Conf. “Amorphous Semiconducte@0” (Kishinev,
. . . . p- .
thickness of 5/'Lm and Iarger the primary role is played by 5A. M. Andriesh, E. A. Akimova, V. V. Bivol, E. G. Khancevskaya, M. S.

absorption in the AsSe;. lovu, S. A. Malkov, and V. I. Verlan, Int. J. Electrod7, 339 (1904.
We have found that when a positive-polarity voltage is °K. P. Kornev, Dep. VINITI 1986, N8021-B8.

applied to the aluminum electrode on the GaAs side, the7A- S. Kochemir(avsm and K. P KornevAt’)’str_acts from Proc. All-Union

shape of the photoresponse spectral characteristics is nearly °"erence on “Glassy Semiconductoreeningrad, 1985 p. 80.

independent of the magnitude of the voltage. For negativefranslated by Frank J. Crowne
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Thermally stimulated currents and instabilities of the photoresponse in PbTe (In) alloys
at low temperatures

B. A. Akimov, V. A. Bogoyavlenskil, L. . Ryabova, V. N. Vasil'kov, and E. I. Slyn’ko

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted May 5, 1998; accepted for publication May 19, 1998
Fiz. Tekh. Poluprovodr33, 9—-12(January 1999

The photoelectric properties of Pb,_ySn.Ge,Te(In) epitaxial films (0.06:X<0.2, 0.08<Y

<0.12) with In concentrations of 0.5—1 at. % on Baftbstrates are investigated in the
temperature range 4.2<KT<30 K. Thermally stimulated single curre(SC) peaks are observed
atT~6—14 K. It is established that a magnetic field up to 5 T slightly shifts the peaks
essentially without affecting their profile. The TSC peaks and the electrothermal instabilities
observed aff <15 K are attributed to the excitation of electrons from metastable states into the
conduction band. ©1999 American Institute of PhysidsS§1063-782809)00201-X

INTRODUCTION Here we report a series of experiments on the kinetic
characteristics of nonequilibrium processes with the objec-
Solid solutions based on In-doped PbTe are intriguingive of discerning and analyzing characteristic features of the
objects for investigations of unusual impurity states inmetastable states of impurity centers in
semiconductors.Applied aspects of the problem are associ-Ph, _y_ySnGe, Te(In) alloys.
ated with the fabrication of photodetection devices utilizing
these compounds for the infrared range of the specfrim. |NVESTIGATED SAMPLES AND HIGHLIGHTS OF THE
It has been established that the introduction of 0.5-EXPERIMENTAL PROCEDURE
2.0at. % In in PbTe has the effect of fixin_g the Fermi level at Epitaxial films of composition P _ySnGe,Te(In)
70 meV above the bottom of the conduction band and also O\}cvere prepared by hot-wall epitaxy on Bagubstrates. The
improving the homogeneity of the electrical properties of :

. . mixture used for synthesis came in three compositions:
smglg crystals. At temperaturg’s;Tc_ 20K long-time re X=0.06,Y=0.08,C,.=1%: X=0.1, Y=0.1, C;,= 0.5%: X
laxations of the electron distributions are observed in_ - o ) )

L =0.2, Y=0.12, C;,=1%. The temperature regime in the
PbTeln) upon departure from the equilibrium state. no- .
. . ; hamber was maintained in such a way as to keep the sub-
The Fermi level can be stabilized in the band gaps OStrate temperature fixed at 380 °C with a gradient not to ex
Pb,_SnTe(n) (Ref. 1, Pb_xMn,Te(n) (Ref. 4, and P 9

Pb, _xGecTe(In) (Ref. 5. For the fabrication of photodetec- ceed 1-3°C in the reaction zone. The g_rt_)w_th of the_f_|lm
. . o ... lasted 7-8 h under these very nearly equilibrium conditions.
tion devices from these alloys it is preferable to use epitaxi

. . : he thickness of the resulting films varied fromuin to
films, which can be prepared by hot-wall epitaxy and oo
. ) . o o 6 um in this case. Plots of the temperature dependence of the
molecular-beam epitaxy, including fabrication on silicon . . : )
. I ; S . normalized resistances of the films, recorded with the
with transition layer$. Liberal possibilities for varying the ; . . .
; .~ _samples completely shielded against phonon radiation and in
parameters of the energy spectrum are afforded in the inve

tigation of Ph_y_ySnGe,Te(ln) alloys’ However, the R illumination, are shown in Fig. 1. All the samples had a

principal advantage of these solid solutions is that the persisrjlglh photosensitivity(the resistance varied from four to six

o : : ?rders of magnitude at 4.2kand a thermal activation en-
tent photoconductivity sets in at the highest temperature 0L WE. in the range from 4 meV to 44 meV. The variation of
any investigated PbThn) alloys: Tc~36 K (Ref. 2. gyEa 9 :

; 2 : . o E, is attributable to the variation of the compositions of the
According to prevailing notions, an In impurity in PbTe _ . . .
) SR : film and the raw mixture in the course of several successive
and in alloys containing it induces the formation of deep . . : "
. . . “synthesis procedures after the mixture of fixed composition.
DX-like centers. Such centers are described by configuration
: 8.9 In the present study, for the most part, we used a stan-
diagram$&®® for a three-level systerE.—E;—E,. The E¢ L ;
; ard thermal-activation current spectroscopy technique,
level corresponds to the bottom of the conduction band, ang : . :
whose details are described, for example, in Ref. 10.
E, corresponds to a metastable one-electron state. The Fermi
level is stabilized on the basis of the two-electi®s level.
The metallic state occurs in the alloy f&,>E., and the
dielectric state occurs fdf,<E( . In the latter case the ther- Typical profiles of the thermally stimulated current
mal activation energ¥, of the system conductivity corre- (TSC) curves are shown in Fig. 2 for a film with activation
sponds toE,—E. transitions. According to existing data, energy E,~35meV. A film sample with X2 mm was
this quantity increases in Pby_ySnyGe,Te(In) alloys asX  cooled down to 4.2 K and was illuminated with IR radiation
andY are increased.In the dielectric state thg; level can  from a miniature incandescent lamp with a maximum radia-
be situated either higher or lower than thg level. tion power up to 30 mW. The voltage on the sample was

EXPERIMENTAL RESULTS

1063-7826/99/33(1)/4/$15.00 6 © 1999 American Institute of Physics
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FIG. 1. Temperature dependence
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fixed at the 1-V level, and the current was recorded in th
sample circuit. The illumination was then turned off, and
prolonged(to several tens of minutgselaxation of the pho-

tocurrentl was observed. Segmemt-2 of the I-t curves in ;
Fig. 2 corresponds to a certain finite relaxation stage. Undef!rves2-5 and 2, 3',
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FIG. 3. Plots of the temperature dependence of thermally stimulated cur-

. . . - . Ofrents in zero field1) and in magnetic fields2) H=1 T; (3) H=5 T.
Pb,_x_yvSnyGe,Te(In) film samples having various activation energies at

low temperatures with shieldingl,2,3) and with IR illumination

the conditions of residual relaxation of the photocurrent, at

G];he time corresponding to poi@the sample began to heat

up at the rate of 1-3K/s. In this stage TSC peaks were
recorded with maxima in the interval from 6 K to 14 K, and
the shape of the peaks depended on the heating regime.
4, and 5’ in Fig. 2 correspond to
heating of the sample at rates of 1K/s and 2K/s, respec-
tively. In the vicinity of point4 the current almost attained

its dark-field value. In segmen#s-5 and4-5' a character-

istic increase in the current is observed in connection with
the thermal activation of conductivity even with shielding.

In contrast with abundant existing dataTSC peak are
observed in the investigated systems at substantially lower
temperatures. It is evident from the data in Fig. 2 that the
TSC peak is unique and does not have any individual promi-
nent features.

Earlier papers-2have called attention to the extraordi-
nary behavior of the properties of metastafgaramagnetic
centers in PbTE-based alloys containing In and Ga impuri-
ties. In the present study, therefore, we have investigated the
distinctive features of the TSC peaks in magnetic fields up to
5T. We have established that the TSC amplitude decreases
in a magnetic field, while the maxima of the peaks shift very
slightly toward lower temperaturd§ig. 3.

When the applied voltage on the film is increaséa
5V) in continuous illumination, quasiperiodic current oscil-
lations are observe(Fig. 4, the edge of curvé). Oscilla-
tions of this kind have been studied previously in detail for
metastable states in Pb@a).1® Curve?2 in Fig. 4 describes

FIG. 2. Typical profiles of automatic traces of thermally stimulated currentst€ short-time variation of the ambient temperature from

in the investigated filmgsee texk

4.2K to 15K at the maximum. Here, all other conditions
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E, level is found to be higher than the rate of their secondary
trapping at theE, level. This effect can be attributed to the
much higher number of states at tBg level than at theE;
level. A further increase in temperature is accompanied by
depopulation of both the conduction band and Ehelevel.
In the dynamics the entire process described here then pro-
duces a TSC peak. The description of such processes is simi-
2 lar to the well-known thermal stimulated currents in wide-
gap semiconductord, and all that remains is to trace the
analogy between the known sticking levels and the meta-
stableE; states.
. | ' The qualitative result is that a unique TSC peak is ob-
0 5 10 15 20 served with a maximum at extremely low temperatures
s 6-14 K. The peak shifts in a magnetic field, but does not
split. Exact quantitative calculations of the position of Ehe
level are difficult to perform in the TSC method, but approxi-
mate estimates give transition energies of the order of
10—-20 meV. The same energies can be obtained by analyz-
being equal, the variations of the current through the samplang the patterns of the electrothermal stabilities at various
decrease, and the instabilities vanish. temperatures according to the procedure in Ref. 13. It is also
A bistability effect has been observed in an investigationnatural to view the existence of the instabilities themselves
of the photoresponse of the samples at 4.2K. It was founds qualitative confirmation of the proposed model.
that when the illumination intensity is sufficiently small, ad- We note that observation of a single TSC peak can pro-
ditional excitation must be introduced in the system to in-vide information about the phase transition in
crease the photocurrent at voltages up to 3V. This can bpp, _,_,SnGe,Te(In) films. It is evident from Fig. 1 that
done by raising the temperature of the sample or by illumithe resistance-temperature curves do not exhibit any promi-
nating it with radiation from a second source. The generahent features. The data, taken collectively, indicate that
scheme of the experiment was as follows. The sample washase transition can be suppressed in the investigated sys-
exposed to weak illumination at 4.2K, and then the illumi-tems. Neither should the opposite situation be dismissed,
nation was turned off. At a certain time following the start of yith the large splitting of equivalent valleys, so that only one
relaxation of the photocurrent the light was turned back onjgwer valley emerges as tte. level.
but this subsequent illumination had absolutely no influence  Tne position of theE, level depends on the composition

on the relaxation. Next, after a certain time, either the samplgy the alloy. The observation of this level f&; > Ec is most
heater or the second IR source was turned on. It was estafigely possible if allowance is made for the existence of a
lished that the sample becomes photosensitive again Whenyh ier in configuration space between this level and the con-

reaches a temperature of 6K, and the above-described cycdlg,qtion pand:® Methodologically, however, the observation

is reversibly reproduced from then on. of this phenomenon in alloys with a low activation energy
(to 10 meV) is complicated by the fact that the presence of

DISCUSSION OF THE RESULTS sources having a temperature higher than 15K in the cham-

The experimental results can be interpreted within the®€"> together with the sample, imparts a substantial photo-
framework of the previously described deep-center modefconductivity to the films. At higher activation energies
Unfortunately, only a phenomenological description of the(@bove 40 meYthe photocurrent relaxes so rapidly that it is
effects can be proposed, because of the complexity of thnpossible to record the TSC. Consequently, data obtained
investigated multicomponent systems and because of the ol the intermediate interval of activation energies must be
set of phase transition in the investigated temperature inteleemed the most reliable.
val. Difficulties are still encountered in the interpretation of

The most logical hypothesis appears to be that the TSEXperiments on the bistability of the photoresponse and on
peaks correspond to transitions of charge carriers betwedfe magnetic field dependence of the profiles and positions of
the metastabl€&; level and the conduction band. The light the TSC peaks.
excitation of the system causes electrons to be excited from In closing, we note an important consequence of the re-
the E, level into the conduction band. Metastable electronicported investigations. The existence of metastable states
states with theE, level are induced in this case. As the Which can be partially populated in illumination does in fact
electron distributions relax, a certain number of centers witimply that long-wavelength photodetection devices with the
energyE; remain occupied. Heating of the sample causegreexcitation of metastable states can be constructed on the
electrons localized at these centers to be thermally exciteblasis of the investigated alloys.
into the conduction band. Here the sample conductivity in-  This work has been supported in part by the Russian
creases at the start of heating, and Eelevels begin to Fund for Fundamental Research, Grants No. 96-02-16275-a
depopulate. The rate of transitions of band electrons to thand No. 96-15-96500.

I, arb. units

FIG. 4. Electrothermal instabilities of the current in the sample cirgbit
and their transformation when the ambient temperature is cha@yed
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LOW-DIMENSIONAL SYSTEMS

Charging of deep-level centers and negative persistent photoconductivity in modulation-
doped AlGaAs/GaAs heterostructures

V. |. Borisov, V. A. Sablikov, I. V. Borisova, and A. I. Chmil’

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, 141120 Fryazino, Russia
(Submitted August 14, 1997; accepted for publication April 14, 1998
Fiz. Tekh. Poluprovodn33, 68—74(January 1999

The relaxation kinetics of persistent photoconductivity in AlGaAs/GaAs modulation-doped
heterostructures due to charging BE2- and D X-centers is investigated over a wide range of
temperatures and excitation photon energies. The light-induced charging of these deep

centers was found to lead to accumulation of positive and negative localized charges, which give
rise to positive and negative persistent photoconductivities, respectively. These positive and
negative charges are accumulated in different parts of the heterostructure. Their different
characteristic times, and the different temperature dependences of these times, result in
nonmonotonic time and temperature dependences of the persistent photoconductivity. Charging
of EL2-centers in the GaAs buffer layer leads to negative persistent conductivity in the
temperature range 18®00 K, while the negative photoconductivity observed at the temperatures
below 180K is caused by excited statesiok-centers in then*-AlGaAs. © 1999

American Institute of Physic§S1063-78209)01501-X]

1. INTRODUCTION Photoconductivity in MDH has been widely studied
recently*~® The most striking effect connected with charging

It is well known that structural defects with deep levels of deep levels is the appearance of negative photoconductiv-
can strongly influence the concentration and mobility ofity, which is observed at the time of illumination, and nega-
electrons in semiconductors, thereby becoming an importanive persistent photoconductivitfNPP, which is observed
factor in determining the electronic characteristics of thesafter the light is switched off. Negative photoconductivity
semiconductors and structures based on them. Their infliwas observed in structures with a two-dimensional holé gas
ence is derived from the fact that charge can accumulate @it 4.2 K, while NPP was observed in MDH with two-
deep level centers, which changes the potential well of thelimensional electrons at temperatures of 170 to 30@&R&f.
structure. Well-known defects with deep levels in epitaxial5). Its appearance is associated with charging b2 -centers
layers of GaAs and AlGaAs includEL2-centers in GaAs in the GaAs buffer layer.
andDX centers in AlIGaAsEL2-centers in GaAs are com- In this paper we investigate in detail the relaxation ki-
plexes of an antisite defect Asand an acceptor impurity, netics of photoconductivity in MDH within the temperature
which create deep donor levéldhe concentration dEL2-  range 80 to 300 K and for a wide range of photon energies.
centers is determined by how the structure was grown anés a result, we establish that there are two mechanisms for
thermally processedEL2 centers are usually present in NPP. One acts at temperatures of 180 to 300 K, and is asso-
structures grown by chemical deposition from metallorganicciated with charging ofEL2-centers in the GaAs buffer
compound vapor{MOVPE); however, they are also ob- layer, which takes place uniformly over the layer thickness:
served in structures grown by molecular beam epifa®X-  In the center portion of the layer, theL2-centers are emp-
centers form when AlGaAs is doped with donor impurities astied of electrons and a positive charge accumulates on the
a result of a substitutional impurity atom being excited into aimpurities, which is responsible for the positive persistent
metastable stattBoth DX and EL2 centers are character- photoconductivity. Near the boundary of the space-charge
ized by extremely low probabilities for thermal ejection of layer with the thick buffer, filling of theEL2-centers by
the electrons they trap, and therefore a considerable nonequtectrons takes place, a consequence of which is the appear-
librium charge can accumulate in them. ance of NPP. The second NPP mechanism acts at tempera-

In this study our goal was to investigate photoinducedtures of 120 to 180 K. It is caused by chargingnX-centers
processes that charge the deep levels Edt2- and in the strongly dopedh™-AlGaAs.
D X-centers in AlIGaAs/GaAs modulation-doped heterostruc-
tures(MDH) and their effect on the relaxation of persistent
photoconductivity under conditions where this conductivity
is primarily determined by two-dimensional electrons, whose  The investigations were carried out on AlGaAs/GaAs
concentration is changed by the charging of deep leveldIDH grown by molecular beam epitaxy on a substrate made

2. EXPERIMENT

1063-7826/99/33(1)/6/$15.00 60 © 1999 American Institute of Physics
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of semi-insulating GaAs. Thicknesses and doping of the lay- Uight on light off a
ers were as follows: an undoped GaAs layer with thickness
~1um and residual concentration of shallow acceptors 022
~10% cm™3; a strongly doped layer ofi*Al,Ga,_,As(x

~0.25) with thickness-50 nm and a donor concentration of 0.20
~10"®¥cm™3; and a spacer layer with thicknes4.5 nm. The

surface of the sample was shielded from contact with the 0.18)
environment by a thif~50 nm layer of undoped GaAs.
The concentration and mobility of the two-dimensional elec-
trons at 77 K were:n,p~5%x10"cm 2 and w,p~10°
cn?/(V-s). Contacts to the sample were made by melt-

(7]

diffusing In into it in hydrogen atmosphere; the distance be- E, [~ K 7

tween contacts was 2 to 5 mm. :‘g’ 0‘12 [ nu.ul— -I Lt -:—; : mﬂn 41 ...:. T
In making the measurements, the samples were placed i B

a cryostat of the circulating type with an optical window. %3 0.50

After each low-temperature measurement, the sample Wa.g T b

heated to room temperature, and then slofalya rate of 1 to 8

4 K/s) cooled in order to make the next measurement. S 0451
In order to study the relaxation of the photoconductivity,

we illuminated the samples with light pulses with durations 0401 5

from ~1 ms to 1 s. As light sources we used an AL-119A i

infrared light-emitting diode(photon energyhr=1.33 eV, 0.351-

power P~40 mW) and an LGN-207A helium-neon laser TN T T T — s T
(hv=1.97 eV,P~1.5 mW). We used an MDR-3 monochro- 0.30+ 4

mator (hv= 0.62-2.05 ey to measure the spectral depen- -
dence. Light from the light-emitting diode was pulse- 0.25F
modulated by feeding the diode voltage pulses, while an re “1“"'2 iiund T '““"'# — ““"‘5
electromechanical modulator was used to modulate the ligh 70 7 70 70 7
from the laser or monochromator. In the first case, the fall ¢,ms
time was determined by the time required to switch off thegg, 1. Rrelaxation of photoconductivity in two temperature rangesTa—
diode (<1.5us), while in the second case it was determined=292 (1), 250 (2), and 200 K(3). b—T=160 (4) and 140 K(5). Photon
by the time for switching on and switching off the light, energyhy=1.33eV.
which did not exceed 1 ms.

F|gur_e 1 shows typical photoconductlvny kl_netlcs CUIVES, /oo ING OF EL2-CENTERS
over a wide range of temperatures. The variation of the pho-
toconductivity represented by these curves exhibits certain In the temperature range 180 to 300 K, the behavior of
characteristic features both within the illumination time andthe photoconductivity deppends strongly on the photon en-
during the relaxation period, in the course of which the signergy. Whenhv is less than the band gap of GaAs, long-
of the persistent photoconductivity changes from positive tqeriod relaxation of the photoconductivity and NPP are ob-
negative. The shapes of these curves reveal that there are twerved (Fig. 13. When it is greater, i.e., when interband
temperature intervals: 180 to 300 (Kee Fig. 1apand 80 to  absorption can occur, the photoconductivity/ o relaxes
180 K (see Fig. 1bin which the characteristic relaxation within a short time, i.e., there is little positive persistent pho-
times are different. As the measurement temperature ddeconductivity, whereas the NPP amplitude is nearly the
creases from room temperature to liquid-nitrogen temperasame as it is under illumination by impurity-energy photons
ture, the characteristic time it takes the photoconductivity toFig. 2). This implies that illumination by the latter empties
relax after switching off the light increases strongly, and at eelectrons fromEL2-centers in a certain portion of the buffer
temperature 0f~180 K NPP nearly disappears. As the tem-layer, resulting in positive persistent photoconductivity, and
perature decreases further, a new NPP segment arises witHemaves theEL2-centers in the rest of the buffer layer occu-
considerably smaller characteristic time, which also in-pied by electrons. However, illumination with interband light
creases strongly under cooling. This indicates that two typesan only fill theEL2-centers with electrons, and hence there
of capture center are involved in the relaxation. The firstis no positive persistent photoconductivity.
type, which lies deeper in energy, dominates the relaxation Another fact that is important for clarifying the nature of
kinetics of the photoconductivity for temperatures in thethese effects involves the spectral dependence and photocon-
range 180 to 300 K, while the second, shallower centeductivity kinetics within the illumination time. The spectral
dominates at low temperatures. Judging from the magnituddependence of the photoconductivityr/ o (Fig. 3) corre-
of the NPP effect, the number of centers of the second type ites qualitatively with the changes in the photoionization
larger than the first. We have established that defects of theross section oEL2-centers reported in Ref. 7. Photocon-
first kind areEL2-centers, while defects of the second kind ductivity first appears ahv~ 0.6 eV, which is probably
are probablyD X-centers. connected with ionization of unmonitored defects. At
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i increase in conductivity connected with emptying BE2
095 centers in the center portion of the space-charge layer, there
Y 70° 10° e 0 must be a decrease due to photoinduced filling of

EL2-centers by electrons at the edge of the space-charge
layer, where the equilibrium occupation of centers by elec-

FIG. 2. Relaxation of photoconductivity excited by pulsed light with trons is lower than the photoinduced occupation.
impurity-energy photon$iv=1.33 eV (1) and interband-energy photons
hy=1.97 eV(2). T=292 K.
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4. SPATIAL DISTRIBUTION OF PHOTOINDUCED CHARGE
IN EL2-CENTERS

hv=~ 0.75 eV the light can induce transitions of electrons Persistent photoconductivity is caused by nonedauilib-
from the valence band to tHeL2-centers. This causes nega- . P Y y q
um electrons in the quantum well, whose concentration af-

tive charge to begin to accumulate at these centers, which iﬁq S : ) . .
turn decreases the concentration of electrons in the quantu r the light is switched off is determined by the nonequm.b.—
ium charge on the deep centers. The presence of positive

well. As hv increases further, the ionization cross section o nd negative photoconductivity implies that itive and
EL2- centers increases rapidly, which transfers electrons t8 1egative photoconductivity Implies that: positive a
gative charges accumulate at the centers in different re-

the conduction band. These photoinduced electrons enter e .
guantum well and increase the conductivity. A similar effectd'°NS of the GaAs buffer layer. In order to estimate the mag-

is apparent in the photoconductivity dynamics during illumi- nitude of the persistent photoconductivity and understand the

. . . i kinetics of its relaxation, it is necessary to know the spatial
nation hotons witthv=1. V (Fig. 19: After th e
ation by photons witthy=1.33 eV (Fig. 13: After the distribution of photoionized charge of thtel2-centers over

the GaAs layer thickness and the activation energy for emp-
160 tying them.
The nonequilibrium filling ofEL2-centers by electrons
under illumination is determined by two factors: direct elec-

1.35 tron transitions induced by absorption of impurity-energy
photons, and redistribution of the electronic conductivity in
1.30 the buffer layer, which takes place due to photoinduced
changes in the potenti@Fig. 4. We find the distribution of
125 charge in the buffer layer by solving the Poisson equation:
& P B 41e N
S 12 = s MO0 Na=N (0 =p(x)], (1)

wheren(x) is the electron concentratiop,(x) is the hole
concentrationN, is the concentration of shallow acceptors,
and Nt+ is the concentration of positively charged
EL2-centers. This concentratidd,” is determined by the
equations of charging kinetics, with whose help we can ex-

i pressN;” in terms of the concentration of free charge carriers
7050 4 ¢ 4 4 ) ¢ 0 o0 14 0 1y

06 08 10 12 714 16 18 2.0 and the flux of photon® as

hy,ev
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FIG. 3. Spectral dependence of photoconductivity= 292 K. t o, d+e,+ CpP
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where o, and o, are cross sections for electron transitionswhereDj is the two-dimensional density of states, angis
from an EL2-center to the conduction band and from thethe potential at the heterojunction relative to the bulk. The
valence band to aBL2-centerg, ande, are coefficients of thicknessd and energyE; are calculated using the model of
thermal emission of electrons from the center to the conduca triangular quantum wefi.

tion band and holes to the valence band, ap@ndc, are The boundary condition at the left boundary of the

capture coefficients. buffer layer was formulated by assuming that the ch&pge
The distribution of the concentratiomgx) andp(x) is in the layer of strongly doped AlGaAs does not change under

determined by the condition of quasiequilibriuie., con- illumination. We justify this assumption by noting that at

stancy of the quasi-Fermi levelfs, andF ) transverse to the high temperatures the long-period relaxation of the photo-
buffer layer. In this case, for holes and also for electrons irconductivity is connected with charging of tiid 2-centers
the bulk of the buffer layer we can use expressions derive¢h the GaAs, whereas thH2X-centers in the AlGaAs charge
from the Boltzmann distribution: much more rapidly.

Results of these calculations are shown in Fig. 5, where
we plot the spatial distribution of the population BL2-
centers f;=N./N; in the equilibrium state(the dashed
wheren, andp, are concentrations of electrons and holes farcurves and under illumination. In these calculations we used
from the heterojunction, which are related by the conditionvalues of the photoionization cross sectionEif2-centers
of electrical neutrality: taken from Ref. 7:7,=1.5x10 ®cn? and o,=2x 10"/

N cn? for hy=1.33eV, ando,=4X 10*17cmf and o,=5

No+Na=N; (Mo, Po) ~Po=0. (4) X 10" Ycn? for hv=1.0eV. Following Ref. 9, we calcu-
The Concentra’[iomo of minority carriers is determined by lated the capture and thermal emission coefficients from the
the effective lifetime, and consequently depends on the ratfllowing expressionsc,=1.5x 10~ #T*?exp(-0.066ksT),
of recombination at the boundary with the substrate and ofp=1.9X10 12T e,=2.83x10'T? exp(-0.814kgT),
transport of electrons in the plane of the heterostructure t@nde,=3.3x 10°T?exp(—0.813kgT). Here the capture co-
the current contacts. Henceforth we will treat the magnitudeefficientsc,, andcy, in units of [cm®/s] and emission coeffi-
of n, as a variable, and choose it in such a way as to achievéiéntse, ande, in units of [s™!] were obtained by substi-
the best agreement with measurements. For a fixgsve  tuting T in [K] and kgT in [eV]. An optical flux of
determinep, from Eq. (4), and thus find the quasi- Fermi ®=10"cm *.s™* was used.
levels. Itis clear from Fig. 5a that light removes electrons from

In solving the Poisson equation, we model the two-the EL2-centers in the central portion of the buffer layer
dimensional electron gas in the quantum well as a layer of0.-3<x<0.65um), resulting in an accumulation of photoin-
thicknessd with a uniform distribution of electron density. duced positive charge. At the edge of the space-charge layer
Taking into account the lowest quantum letgl, the surface  (x>0.7um) the EL2-centers are occupied by electrons, and
electron concentrations is determined from the expression here a negative charge accumulates. The nonequilibrium

charge accumulated in the buffer is compensated by non-
1+ex;< Fntees— El” 5) equilibrium electrons in the quantum well, thereby affecting
kgT ' the photoconductivity. When the light is switched off, the

n=ng exgfee(x)/kgT}, pP=po exg—eep(x)/kgT},
3

Nns=DgkgTIn
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nonequilibrium charge in the buffer relaxes as follows. The
positive charge is neutralized by electrons ejected by the
guantum well into the buffer and trapped BL2-centers.
This involves a broad spectrum of activation energies; hence,
no well-defined activation energy is observed during the re-
laxation of the positive persistent photoconductivity. Relax-
ation of the negative charge, which is responsible for NPP,
takes place by thermal ejection of electrons from 1.2
EL2-centers into the conduction band. The activation energy

of this process is higher than the energy for thermal ejection v
from the quantum well; therefore, it is slower. The charac- }
teristic relaxation time for NPP is determined by the quantity ¥
e,, wWhich according to calculations at=250 K equals
7x10°s™ 1, which is close to the observed relaxation time.

The magnitude of positive and negative charge accumu-
lated in deep centers during illumination allows us to esti- 1.0
mate the values of positive and negative persistent photocon-
ductivity that can be observed experimentally. Thus, -
according to Fig. 5a, the surface concentration of accumu-
lated positive charge is 2.4x 10'%cm 2, while the negative 0.9F
charge is~2x10°cm 2. If we take into account that the e I oy SN ""“‘44
equilibrium concentration of two-dimensional electrons is 10 70 70 70
~5x 10" cm™?, then the positive persistent photoconductiv- ¢,ms
ity is ~5% of the equilibrium photoconductivity and the g 6. Relaxation of photoconductivity excited by impurity-energy photons
NPP is ~0.5%, which agrees with experiment. Here it iS hy=1.33 eV(1) and interband-energy photohs=1.97 eV(2). T=160 K.
worth noting that this ratio of values of positive and negative
persistent photoconductivity is achieved by choosing the de-

gree of compensation, i.e., the ralp/N,, and the electron  of the photoconductivityA o/ o can be seen in Fig. 6, which
concentratiomy. If ng is greatly increased, e.g., by a factor shows the relaxation for interband and impurity photoexcita-
of 10 (see Fig. 53 to ~10°cm™2, the NPP decreases by tion. It is clear that the increase in photon energy, and thus
more than an order of magnitudeee Fig. 5h The fact that  the absorption coefficient of light, leads not to an increase in
the concentration of nonequilibrium electrons in the bulk ofphotoconductivity, which we would naturally expect, but
the buffer layer turns out to be so low implies that in thisrather to a decrease. This implies that the photoconductivity
structure the potential barrier in the buffer Iayer is probablyis primar”y due to absorption of impurity_energy photons_ At
short-circuited, because the contacts used to measure thg=1.33 eV the photoconductivity is found to be larger be-
photocurrent short out the rear surface of the buféeljacent  cause light penetrates deeper into the sample and causes ion-
to the Substrabmnd the two-dimensional electron Iayer. De- ization of EL2-centers over a |arger portion of the space-
creasing the degree of compensatioe., decreasing the ra- charge layer. In this case the contributionEif2-centers to

tio N;/N,) also leads to a significant decrease in the magnithe photoconductivity is almost time-independent since the
tude of the NPRsee Fig. 5¢ temperature is low. Consequently, the nonmonotonic relax-

The NPP effect is strongly modified when the ratio of ation of the photoconductivity in Fig. 6 is due to charging of
EL2-center ionization cross sectioag/ o, is changed. Spe- impurities in the AlGaAs layer, where the primary defects
cifically, increasing this ratio leads to an increase in NPPgre D X-centers.

This situation is illustrated by Fig. 5d, where we plot the The main effect of chargindX-centers at moderate
calculated center population under illumination by phOton&emperature$~150 K) is NPP, which, as far as we know,
with hy=1.0 eV. has not been discussed previously. We assume that the NPP
effect in this case is related to metastable excitation of states
of the DX centers. Known states of @X-center are: the
(singly chargetiground statddX ™, a neutral stat®X° (the
result of a single photoionizatipnand an ionized sta@X*.

At temperatures below 180 K, the relaxation B¥X- In this state, thdd X-center can be converted into a shallow-
center photoconductivity is qualitatively similar to the donor stateN* .31t has been established elsewH8raat a
EL2-center case discussed aboffeg. 2b. The primary high energy barrier inhibits the thermal ionization of the
quantitative difference arises from the fact that at low tem-DX° state to theN™* state, so that photoexcitation BfX
peratures the activation energy DiX-centers is smaller in states results in an accumulation of centers in the 1%
magnitude. Another difference is the large number of defectsvhich have one electron apiece. After the light is switched
in the AlGaAs layer compared witBL2-centers, and hence off, free electrons start to be trapped by the defects, forming
the larger persistent photoconductivity. DX~ centers. If we assume that this trapping occurs more

The main features of the low-temperature decay kineticsapidly than thermal ionization of the equilibriur®X°
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5. LOW-TEMPERATURE NPP (CHARGING OF DX-
CENTERS)
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states, then th® X~ centers that form bind more electrons 3. These positive and negative impurity center charges
than are generated by the light. As a result, the quasi-Ferndaccumulate in different portions of the heterostructure buffer
level for electrons in the AlGaAs is lowered, causing a back{ayer and are characterized by different relaxation times,
flow of electrons from the quantum well to the AlGaAs which also have different temperature dependences. This
layer. This results in NPP, which relaxes at the same rate deads to nhonmonotonic time and temperature dependences of
thermal ionization of thé®X° states. Unfortunately, there is the persistent photoconductivity.

not enough data available at present on the photoexcitation This work was supported by the Russian Fund for Fun-
and relaxation of states @f X-centers to allow us to analyze damental Researqgi@Grant No. 97-02-17999

this NPP mechanism quantitatively.
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It is shown in this paper that thi(200—250 A hydrogenated nanocrystalline silicon films have

low longitudinal conductivity, comparable to that of undoped amorphous silicon, and

high transverse conductivity. These films can be used as doping layers in barrier structures with
low surface current leakage. It was found that film conductivity decreases by 8—10 orders

of magnitude along the layer as the layer thickness is reduced from 1500 to 200 A. The observed
dependence of the conductivity on thickness can be expldinggrms of percolation

theory) by destruction of a percolation cluster made up of nanocrystallites as the layer thickness
is decreased. €1999 American Institute of Physids$51063-782609)01601-4

There are a number of devices based on hydrogenatetimensional systems in percolation theory problems. Note
amorphous silicon g-Si:H) and nanocrystalline silicon that two-dimensional system@ith respect to the size of a
(nc-Si: H) that need low-conductivity doping layers along crystallite require considerably larger volume fractions of
the film surface. This is true of, e.g., vidicons, low-light nanocrystallites to create a percolation cluster: it is krfbwn
photoelement$.and space-time optical modulatdrin these  that for the conducting hard-sphere model the percolation
devices it is necessary to prevent leakage of current along thtereshold is reached when the critical volume fraction occu-
doping layers of thgp—i—n structures. This can be partially pied by spheres is roughly 16% for a three-dimensional sys-
achieved by decreasing the level of doping of fheandn-  tem and 50% for a two-dimensional system. Thus, thin
layers. However, decreasing the concentration of doping iméquasi-two-dimensionalffilms of nc-Si: H, in which a bulk
purities leads to degradation of the parameters ohtheor  percolation cluster has not formed, i.e., there is no high lon-
p—i barrier, and accordingly to degradation of the loadinggitudinal conductivity present, and which at the same time
characteristics of the photoelements and the photosensitivityave a fairly high transverse conductivigetermined by the
and speed of the space-time optical modulator. properties of individual crystallites and the heterojunctions

In this paper we show that thif200—250 A nanocrys- between themcan be used as doping layers fpki—n
talline silicon films used as doping layers possess low leakstructures.
age along the surface. Nanocrystalline silicon is made by plasma-enhanced

These synthetic films essentially consist of a system othemical vapor deposition, or PE CVD, from silane strongly
crystalline quantum dots embedded in an amorphous hostiluted with hydrogerf. The parameters for the fabrication
The nanocrystallite-amorphous host interface is a heterojungrocess are as follows: concentration of silane in hydrogen
tion with a tunneling insulatot. The crystallites can have 2-3%, working pressure of the mixture 0.2—0.4 Torr, out-
sizes from 20 to 100 A, and their volume fraction varies inflow of working mixture 10— 20 c’imin, substrate tempera-
the range from 0— 50%.” On the other hand, it was shown ture 200—300 °C, rf power density 0.3 to 1 W/&nand fre-
in Refs. 7 and 8 that the abrupt change in conductivity obquency 17 MHz.
served in nanocrystalline silicon as the volume fraction of  The films were deposited by standard diode PECVD, in
the crystallites increases can be explained within the framewhich an rf voltage is applied to an rf electrode with the
work of a phenomenological representation taken from persubstrate located on a heated second electrode. This heated
colation theory which does not involve the consideration ofelectrode is grounded with respect to the rf component and
guantum effects. The volume fraction of nanocrystallites,can be given a dc negative bias of 0—300 V. Forsitu
upon reaching a critical value of the order of 16% in nano-monitoring of the growth rate and optical parameters of the
crystalline silicon, for example, forms a percolation clusterfilm, we used laser interferometry with the laser beam nor-
made up of nanocrystallites, and the conductivity of the filmmal to the substrate. To obtain doped films of nanocrystalline
rises abruptly. In this case, the current percolates through thetypenc-Si: H, phosphene is added to the gas mixfuvith
system of nanocrystallites, which possess a conductivity?H; /(SiH,+ PHz) ~1%].
more than an order of magnitude higher than the amorphous Both quartz and crystalline silicon were used as sub-
host. If the volume fraction is below the critical value, which strates. The growth rate of the film was 0.3 to 1.0 A/s. The
corresponds to the percolation threshold, a percolation clusrolume fraction and dimensions of the crystallites, deter-
ter does not form and the conductivity is determined by themined by numerically processing Raman scattering spectra
properties of the amorphous phase. with allowance for spatially confined phonohsjere ~30%

However, it is incorrect to treat thin films, i.e., whose and ~40A, respectively. Film thicknesses ranged from
thickness is comparable to the size of a crystallite, as threet500 to 200 A.

1063-7826/99/33(1)/3/$15.00 66 © 1999 American Institute of Physics
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FIG. 1. Plots of conductivity versus thickness for nanocrystalifje3) and
amorphoug1) silicon films doped1, 3) and undoped?2) with phosphorus.

Monte Carlo method to numerically calculate the percolation

Doped layers oB-Si: H were also fabricated in order to thresholdy, for the site problem ¥.=W/#, whereW is the
compare the thickness dependence of the conductivity focritical volume fraction, andy is the packing densijy In
nanocrystalline and amorphous films. The correspondinghese calculations we assumed a simple cubic lattice. The
deposition took place at silane concentrations in the gas mixnagnitudes of the percolation threshold in the limiting cases
ture of more than 10% and decreased rf power densityof bulk (50x50x50) and planar (550X 1) lattices(see
(<0.1 W/cnt). The conductivity of the samples was mea- the inset in Fig. 2came to 0.31 and 0.59 respectively, which
sured in a planar configuration between deposited silvecoincide with values ofy. reported in the literatuPefor
paste electrodes about 3 mm long and separated by a disimple cubic and square lattices. The calculated dependence
tance of order 1 mm. of x. on the number of layers of the lattice along the direc-

Figure 1 shows the thickness dependence of the condutions X, Y (longitudinal conductivity is shown in Fig. 2.
tivity for films with various compositions: nanocrystalline From this analysis it follows that in thin filmdess than
films, both undoped and doped with phosphorus, and als@0 crystallite diametejsa percolation cluster will not appear
weakly doped amorphous film@H;/SiH;~0.01%). It is in the longitudinal direction until the volume fraction of the
clear from this figure that the nanocrystalline films exhibit ananocrystalline phase exceeds a critical value that is larger
very strong dependence of the conductivity on thicknessthat the value for the three-dimensional caselg%). As
with the magnitude of the conductivity decreasing by morewe have already noted, this value is bounded from above by
than nine orders of magnitude as the thickness decreasése value for a planaftwo-dimensional system, or~50%.
from 1500 to 200 A. At the same time, varying the thicknessThus, from the point of view of percolation theory, we
of the amorphous layers within the same limits changes thshould treat films ofnc-a-Si:H as quasi-two-dimensional
conductivity by less than an order of magnitude. This differ-when their thickness becomes comparable to the size of a
ence in behavior of the conductivities of nanocrystalline anchanocrystallite.
amorphous films allows us to associate the observed de- Our estimates indicate that the volume fraction of nanoc-
crease in conductivity in thin films afc-Si: H with the de-  rystallites in these samples i830%; this is virtually inde-
struction of a percolation cluster as the system goes frompendent of the film thickness, i.e., considerably smaller than
three-dimensional to quasi-two-dimensional with respect tdhe critical value of 50% for percolation in the two-
the size of a crystallite. In fact, if the diameter of the nanoc-dimensional case. This result is in agreement with our inter-
rystallites is 30 to 40 A, only 5-6 nanocrystallites can fit in pretation of the observed giant falloff in conductivity, i.e.,
the transverse direction with respect to the substrate for that it is due to destruction of a percolation cluster during the
film with thickness 200—250 A. At the same time, the film transition from bulk to a thin quasi-two-dimensional layer of
can accommodate more than®1@ystallites in the longitu- nc-Si: H (thin with respect to the size of a nanocrystallite
dinal direction. Let us now consider the behavior of the conductivity

In order to confirm this interpretation, we used thetransverse to the layer. Our calculations show that in thin
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layers(of order 5—6 crystallite diameterthe transverse con- cluster to appear, the conductivity of the heterophase films in
ductivity should rise rapidly due to the increased probabilitythe longitudinal direction will be determined by the proper-
for the formation of a percolation cluster of nanocrystallitesties of the low-conductivity amorphous phase.
from the upper electrode to the lower. However, we empha- Thus, we have investigated the dependence of the con-
size at the outset that in these experimental studies the areactivity of hydrogenated nanocrystalline silicon films on
of the upper titanium contact was 10 3 cn?, so that for thickness. The conductivity along the layer decreases by
films that are about 1000 A thick the measured transvers8—10 orders of magnitude as the thickness decreases from
resistance will substantially exceed the resistance of th@500 to 200 A. The observed thickness dependence of the
lower titanium electrode+10()) only for conductivity val-  longitudinal conductivity is interpreted in the framework of
ues less than 10t Q ~tcm™ 1. This quantity limits the maxi- percolation theory and is associated with destruction of a
mum values of transverse conductivity observed in experipercolation cluster as the film thickness decreases. The thin
ment. (200—250 A films of nc-Si:H we have obtained could be

This analysis allows us to estimate the volume fractionused as doped layers p+i—n structures, where it is neces-
of crystallites in a film ofnc-Si: H, for which considerable sary to decrease the current leakage along the layer surface
anisotropy in the conductivity appears. However, it does notvhile preserving a rather high value of transverse conductiv-
allow us to obtain the analytic dependence of the conductivity.
ity on film thickness. In order to explain the specific form of This work was carried out with the financial support of
this function, we probably must invoke the same considerthe Russian Fund for Fundamental Reseatetoject No.
ations as the authors of the monograph Ref. 10 did in deriv98-02-17350 and the Minister of Science and Technology
ing their analytic expression for the dependence of hoppindProgram "Physics of Solid-State Nanostructure$Project
conductivity on layer thickness. No. 96-1012.

It is interesting to note that the longitudinal conductivity
of a phosphorus-dopett-Si: H film with thickness of 200~ *amorphous Semiconductors and Devices Based on [Tleefited by
250 A is only an order of magnitude higher than that of I. Khamakavi[Metallurgiya, Moscow, 198p
undoped nanocrystallinec-Si: H, and is considerably lower 2N. I. Ivanova, N. A, Fe'oktistov, A. N. Chaika, A. P. Onokhov, and A. B.

.. . . Pevtsov, Mol. Cryst. Liq. Cryst282 315(1996.

fchan t_he conductivity of wea_kly dopestSi: H. In consider- ~3G.Y. Hu, R. F. O'Connel, Y. L. He, and M. B. Yu, J. Appl. Phyzs,
ing this result, we must take into account that nanocrystalline 3945 (1995.
films are grown under fabrication conditions that differ “L-)Eljfnlﬂggakh H. Kurata, M. Hirose, and Y. Osaka, Appl. Phys. 3.
greatly from t.h_e standa_trd PECVD condmo.ns used to obtalnsx' Liu(, s.(')réng, L. Wang, G. Chen, and X. Bao, J. Appl. PHjé, 6143
amorphous silicon, which can lead to an increased concen- ;995
tration of defects in the amorphous phase. On the one handA. B. Pevtsov, V. Yu. Davydov, N. A. Feoktistov, and V. G. Karpov,
this circumstance will facilitate the growth of the nanocrys- _Phys. RGIV-b B62, 955(1995-d e ;
talline phase since t decreases the energy barier for nucle’y 3, Souber ¥, Y4 Detion v uetvecew .5 Pevscy sd
ation of crystallites due to the increased static disorder in the ggjiq state39, 1197(1997)].
amorphous mediufiwhile on the other hand it makes the ®R. Tsu, J. Gonsalez-Hemandez, S. S. Chao, S. C. Lee, and K. Tanaka,
doping the amorphous host less effective. Moreover, the Appl. Phys. Lett40, 534(1982. _ _
atomic impurities are themselves additional centers for for- ;M- Ziman,Models of Disorder: The Theoretical Physics of Homoge-

. . L neously Disordered Systeri@ambridge Univ. Press, Cambridge, 1979;
mation of crystallite seeds. Because of this circumstance, wewir, Moscow, 1982.
can argue that the distribution of doping impurity in the film *°Vv. I. Shklovski and A. L. Efros,Electronic Properties of Doped Semi-
should be strongly nonuniform and concentrated in the nano- conductorsNauka, Moscow, 1979 Ch. 9, p. 27@Springer-Verlag, New
crystalline phase. Since for th{200—250 A layers the vol- Yo% 1984-
ume fraction of crystallites is insufficient for a percolation Translated by Frank J. Crowne
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The energy spectrum of electrons in doped, intentionally disordered superlattices is calculated
with allowance for the Coulomb fields generated by the redistribution of electrons among

the quantum wells. An approach based on density functional theory is used in conjunction with a
numerical technique to investigate the influence of screening on the vertical disorder, in
particular, on the distribution of quantum-well levels in such structures. It is shown that screening
shifts the maximum of the distribution and significantly decreases its width; this effect can

result in delocalization of the electronic states governing the vertical conductivity of the structure.
© 1999 American Institute of Physids$1063-782809)01701-9

INTRODUCTION STATEMENT OF THE PROBLEM

There has been growing interest lately in the properties We consider a system of quantum wells separated by
of the vertical conductivity of intentionally disordered super- Parriers of constant width with a Gaussian distribution of
lattices(IDSLs), i.e., structures containing quantum wells in duantum-well levels calculated in the isolated-well approxi-
which the distribution of quantum-well levels can actually pemation. All electrons with donors inside the barriers transfer
controlled by regulating the thicknesses of the layers durin nto the quantum-well regions, producing electric fields,

growth. Experimental studies of GaAs/GaAlAs IDSLs, pre- hich cause the levels to shift; this effect necessitates a self-

. ) . onsistent solution of the problem of calculating the electric
eminently by optical methods, have been reported in sever T,
_3 . . . : lelds and the distribution of electrons among the wells of the
papers:—3 They comprise model quasi-one-dimensional sys-

tem ful for investigating the influen f the maanitud superlattice. We confine the discussion to narrow quantum
ems usetul for investigating the influence ot the magnituds, o5 5nqg slight overlap of the wave functions of adjacent
and type of disorder on the energy spectrum and kineti

. | icular. f h iod latti ells; we can then restrict the discussion entirely to the low-
properties. In particular, for short-period superlattices congg guantum-well subband and assume approximately that

taining only a few wells it has been found possible to acquirgne charge of the carriers in a quantum well are localized
mformauon_about verticalin the d|rect|o_n of the supe_rl_att_lce in-plane (this model is analogous to the Vischer—Richter
growth axi$ transport of photoexcited nonequilibrium model of charged layers used in the investigation of screen-
charge carrier$.Richteret al* have performed direct elec- ing due to longitudinal charge redistribution in the laygrs
trical measurements of the temperature dependence of the As |ong as we are concerned with the region of moder-
vertical conductivity of IDSLs which were doped uniformly ately low dopant concentrations, we can disregard exchange-
throughout their volume with silicon and which contained oncorrelation effects and stay within the Hartree approximation
the order of 16 wells, where random fluctuations of the (for low concentrations exchange-correlation effects can be
widths of the wells created a Gaussian distribution ofappreciable and result in the formation of superstructures and
quantum-well levels. The results of the measurements in Rebtructural rearrangement of the energy spectfiniro cal-

4 have disclosed several nontrivial anomalies of the verticatulate the spectrum with allowance for the redistribution of
conductivity at low temperatures; in particular, it has beenelectrons among the quantum wells, it is convenient to use an
found that the vertical conductivity depends weakly on theapproach based on density functional theb§pecifically,
temperaturéquasimetallic behavigreven in the presence of following Refs. 4 and 6, we write the energy of the system at
large disorder, when the specified width of the random disT=0 K, E[n] as a density functionah(z) =ZX;»;6(z—id),
tribution of quantum-well levels is significantly greater than where v; is the two-dimensional density of electrons in the
the miniband width, and it is reasonable to assume that allth layer, and is the period of the superlatti¢ehe confining
miniband states are localized. To explain this anomaly in th@otential is taken into account here in the choice of basis
behavior of the vertical conductivity, the authors of Ref. 4We note that the functiona[n] is simply a function of
hypothesized that it is related to the influence of CoulompMany variabless={v;} in the given situation. We have

fields produced by a redistribution of electrons among the

wells on the energy spectrum of the doped superlattice. In

this paper we calculate the ground state of doped IDSLs at E(V):Z Ei(O)V‘JrEi (v12po)

low temperatures and investigate the dependence of its char-

acte_nsucs on the parameters of the superlattice and on the +(1/2)2 Vi (v — wo) (¥~ w), 1)
doping level. 0

1063-7826/99/33(1)/3/$15.00 69 © 1999 American Institute of Physics
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FIG. 2. Dependence of the shifts of the quantum-well levels due to the
FIG. 1. Distribution functions of quantum-We” levels in intentiona”y dis- redistribution of electrons on the energies of the bare |e%?§ for a
ordered superlattices, calculated with allowance for the Coulomb fields gengaussian distribution of the levels By= 10" cm3. The solid curve cor-
erated by the spatial redistribution of electro(fy. Gaussian bare distribu-  responds to the linear approximatiof.
tion function (3); (2) Gaussian approximation of the results of calculations
(O) at a dopant concentrationx110'”cm™3, and curve3 is the same for
calculations &) at a concentration of 810" cm™3. The arrows indicate
the positions of the Fermi levels; and u,; vo, and vo, denote the posi-  relative to the bare levet; — E(@=V; is dictated by the po-
tions of the Fermi levels _calculated fat the mdlcat(-?d (_:ongentratlons withoufantigl energy of the electric fiel; at the site of theth
regard for the Coulomb fields associated with redistribution of the charges. .. (0)
well. The dependence &f; on the position of thd;™’ level
for curve 2 in Fig. 1 (Ng=10"cm™3) is shown in Fig. 2.
of free electronspy is the two-dimensional density of states 0 shift tov%%)rd the renormalized Fermi level The depen-
in the well, V;;= —27e?d|i—j|/e, vy=Nyd is the average denceVi(E;™) can be approximated by the equation
two-dimensional electron density in the layer, axgis the E—EQ=AE"-pu) ()
dopant concentration. The distribution of electrons among b ' o .
the quantum wells for the ground state of the system can b&hereA~0.55. If the approximatiori4) is adopted for the
determined by minimizingE(») subject to the additional “average” sh!ft of the bare level, the dlstr|bujt|on function of
condition =,(v,— v,)=0. The corresponding conditions of the renormalized levels also has a Gaussian form of half-

the minimum ofE(v) have the form width w;=Aw with the shifted maximum E,=E
+AED - u).
E9+ vilpo+ >, Vi (vj— o)+ 1=0, 2 It is evident that Coulomb effects lead to a significant
]

decrease in the width of the distribution function and a shift

where x is a Lagrange multiplietchemical potential of the of the Ferm.i .Iev'el. To gain insight into the physical reasons
system, which is determined from the conditioX;(v, for the modification of the energy spectrum of quantum-well
— 1) =0. levels as described by relati¢f), we recall that the depth of

a quantum-well level in a superlattice with one “defective”
quantum well having a different width from the “regular”
wells of the superlattice decreases by the fact+1

The results of the numerical solution of the system of+4me?pyd/e as a result of vertical screening due to charge
equationd2) are shown in Figs. 1 and 2. The distributions of redistribution among the wells. For the above-indicated val-
the renormalized levelg; are calculated with allowance for ues of the parameters we hage-1.9, i.e., the average slope
the Coulomb fields produced by the redistribution of carriersA in Eq. (4) is essentially the same as8l/The scatter of the
among the wells for a given bare Gaussian distribution of théevel shifts relative to the linear approximatiéf) is attrib-
guantum-well levels utable to the significant bearing of fluctuations of wells of

the immediate environment on any one given well. This in-

P(Ei(O)):(l/\/ZTW)eXp{_ (Ei(O)_ Em)*/2w%} ®) terpretation is corroborated by a cglculati%n of the renormal-
(Fig. 1, curvel) for various doping levels; Fig. 1 shows the ization of the level spectrum for an ensemble of superlattices,
distributions of theE; levels for Ng=10"cm 3 (curve2)  each of which contains only one “defective” well, with the
andNy=5x%10'"cm * (curve3). The following parameters same level distribution as the bare distribut(E"). For
are used in the calculationspo=3%x10"%eV 1.cm 3,  such an ensemble E) is satisfied exactly, and the random
w=15meV, £=10, andd=33A. The character of the scatter of the level shifts is zero.
variation of the spectrum of quantum-well levels is readily  Strictly speaking, the pattern of shifting of levels situ-
established by analyzing the shifts of the levels relative taated above and below the Fermi level is not symmetric about
their bare positions; the shift of the, level in theith well  w; i.e., the distributions of the shifts above and belavare

RESULTS OF THE CALCULATIONS
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FIG. 3. Modification of the distribution function of the quantum-well levetE(?=[1](1/2w) ©{w—|E{”— E,|} due to the Coulomb fields generated by the
redistribution of electrons among the quantum welg£ 10 cm™3, w=22 meV). (a) FunctionP(E(?)) (curve1) and the distribution functioficurve 2)
obtained from it by piecewise-linear approximation of the distribution of shifts of the quantum-well [&melsvith a kink in Fig. 3b; (b) dependence of the
shifts of the quantum-well levels on the bare energies of the levels.

approximated by linear functions of the typ® with several minima of the subbands in the individual wells. The levels of
different coefficientsA. Because of the strong energy depen-adjacent levels merge as a result, and this process has the
dence of the Gaussian distribution function, this asymmetreffect of, on the one hand, diminishing the disorder governed
has little effect on the form of the renormalized distribution by the factorg and, on the other, increasing the overlap
function. The asymmetry of the shifts becomes obviousjntegrals of the electron wave functions of adjacent wells,
however, for a slowly varying distribution function. Figures i.e., the effective miniband width. These two factors account
3a and 3b show the results of calculations for a bare leveior the trend, discerned in measurements of the vertical con-
distribution function that is constant in a certain energy in-ductivity of doped superlattices with vertical disorder, to-
terval and is equal to zero outside it: ward the delocalization oféelectronic states in the direction of
0 0 the axis of the superlattices.

P(E(") = (1/2w) O {w—|E}* ~Eol} ®) This work has received financial support from the
(this function is represented by curten Fig. 33. The de- Russian Fund for Fundamental Researgbrant 97-02-
pendence of the shifts of the quantum-well levels on the bar&73349 and the Ministry of EducatiofFundamental Natural
energies of the levels for this case is shown in Fig. 3b. BottSciences Grant 97-0-7.1-174
in the regionE{® < and in the regiorE(”> 4 the level
shifts can be approximated “on the average” by linear func- |
. . : A. Chomette, B. Deveaud, A. Regreny, and G. Bastard, Phys. Rev. Lett.
tions of type(3) with slopesA; andA,, respectively. Here 57, 1464(1986.

A;>A,, ie., the slope foE{(Y< . is somewhat larger than 2T.'Yamamoto, M. Kasu, S. Noda, and A. Sasaki, J. Appl. PBgs5318
for E> 4. For this reason the level distribution function ,1990. o
exhibits a characteristic increase at energies lower han ,& Tuncel and L. Pavesi, Philos. Mab, 213 (1992.

. . . . . . 4G. Richter, W. Stolz, P. Thomas, S. Koch, K. Maschke, and I. P. Zvyagin,
(curve 2 in Fig. 3a is generated by a piecewise-linear ap- syperiattices Microstruce2, No 4, 475(1997).

proximation of the distribution shown in Fig. Bb 5P. B. Vischer and L. V. Falikov, Phys. Rev. 3 2541(197).
81. P. Zvyagin, Zh. ksp. Teor. Fiz.114 No. 39) (1998 [JETP87, 594
DISCUSSION OF THE RESULTS (1998 .

"W. Kohn and P. Vashishta, ifiheory of the Inhomogeneous Electron Gas
Thus. the doping of IDSLs not only imparts a simple edited by S. Lundqvist and N. H. Mar¢Rlenum Press, New York, 1983;
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shift to the Fermi level, but also significantly alters the posi-
tions of the quantum-well levels that correspond to theTranslated by James S. Wood
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Infrared absorption in straingaitype In,_,GaAs/InP quantum wells is investigated for both
possible types of straiftensile and compressiyelt is observed that the normal-

incidence absorption increases considerably under compressive (sthan the ground state is a
heavy-hole stajeand decreases under tensile str@ithen the ground state is a light-hole

statg. The peak absorption in the compressed quantum well can attain very large values, on the
order of 5000 cm? at a hole density~10*?cm2; this attribute makes “compressed

type quantum wells attractive for IR detection applications. 1899 American Institute of
Physics[S1063-782809)01801-3

1. INTRODUCTION by mismatch of the substrate and quantum well lattice
parameters have been investigated theoretitHilyand

The fundamental properties and applied aspects of semgxperimentally® in GalnAs/AllnAs systems. Xieet al”
conductor quantum-well structures utilizing GaAs/AIGaAs, have theoretically predicted a substantial increase in

|nGaAS/A|GaAS, and InGaAs/InP CompOUndS have been thm absorption in a strained System of Composition
SUbjeCt of intensive research in recent yé‘aflgOne of the G&)'7|n0'3A3/A|0.48|n0.52AS, which Corresponds to tension of
more promising applied trends bears on the utilization ofthe quantum well material.

such structures as infrared and far-infrared radiation detec- In this paper we report the results of an experimenta|

tors. Optical intersubband absorption in quantum wells isstydy of the effect of a built-in strain on infrared absorption
attributable to transitions between localized states in they quantum wells based on ,n,GaAs/InP. The cases of
quantum well or between a localized state of the quantumfension «>0.47) andcompression X<0.47) areexam-
well and delocalized states above the quantum barrier. Cofined. In Sec. 2 we briefly describe the theory of quantum
ventionaln-type quantum wells* have alluring properties hole states and IR absorption in stressed quantum wells with
from the standpoint of IR detection, such as low carrier masgj|lowance for the error in the parameters of the valence band
and high mobility. In this case, however, the quantum-in the quantum well and the barrier. In Sec. 3 we present the
mechanical selection rule forbids Optical transitions at NOryesults of numerical calculations of the matrix elements of
mal incidence and requires the presence of an electric fielghe optical transitions for various polarizations of light. The

component perpendicular to the plane of the two-dimenresults of calculations of the absorption spectra of IR radia-

sional electron gagquantum well. The efficient generation tion are discussed in Secs. 4 and 5.

of a perpendicularly polarized electromagnetic wave requires

special methods, for example, the formation of structures on

the surface of the semiconduct@rooving or a planar me-

tallic grid). A more promising means in this regard is af- , ENERGY SPECTRUM AND OPTICAL TRANSITIONS IN

forded byp-type quantum wells, which have been receiving sTRESSED QUANTUM WELLS

ever-increasing attention lately'® Owing to the quantum-

mechanical mixing of light-hole and heavy-hole states, opti- In this paper we discuss a typical strained structure

cal transitions between states in quantum wells wittype  (quantum well formed by a layer of semiconductor material

conductivity are allowed for an electromagnetic wave at nor{solid solution In,_,GaAs with band gapEgy(x)=0.5

mal incidence, facilitating the fabrication of IR detec- —1.0eV, contained between two insulating InP barrier lay-

tors11-14 ers, which is characterized by a considerably larger band gap
Since the energy spectrum, wave functions, and matrix1.4 e\). By varying the atomic fraction of gallium in the

elements of hole-state optical transitions in quantum wellsvell layer it is possible to alter the physical paramet@ns

are highly sensitive to deformations of the crystal latfit®  cluding the lattice constara) and to control the strain cre-

IR properties can be effectively controlled by the applicationated in the zone of the |n,GaAs/InP interface(exact

of external uniaxial compression or “built-in” strain matching of the well and barrier lattice parameters and, ac-

(stressed structuresThe effects of built-in stress produced cordingly, zero strain are achieved for=0.47). We assume

1063-7826/99/33(1)/8/$15.00 72 © 1999 American Institute of Physics
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below that the elastic stress generated by mismatch of the %2 1 19
well and barrier lattice constants, and a, are localized Hh:ﬁx (71—72)kﬁ+i—5(71—272)i—5+§ ,
entirely in the quantum well layer. ot

For the ensuing analysis we choose the direction of L e ), . 19 129
growth of the semiconductor structufeerpendicular to the H12:2_rno>< \/§7ku -l \/§k|( Va7 oz T T a2 3 }
plane of the layepsas thezaxis. The energies and wave )
functions of the valence band states can be obtained by solv- | n? » 19 129
ing the following system of equations by the effective mass H21:2_mo>< \/§ka T \/gk\l Y37 52 T T 9273 |
method4-2° )

Hom syt 2 L 2t L

> [Hu+Vi(2)8,,] F ok 2 =E(k)F (K 2), (1) S e R R R 5

where the indiceg and v denote the Bloch statg8/2, 3/2), In the case of a strained quantum structueeg.,

13/2,1/2, |3/2,— 1/2), |3/2,—3/2), respectivelyH ,, is the  In;_,GaAs with the lattice constan&(x), grown on InP
44 Luttinger Hamiltonian, an¥,,(z) is the potential of the ~ with the lattice constand,) the stress energy in Egs. (5)
quantum well. Since the quantum well potentif)(z) is a can be expressed in terms of the biaxial straim[ag
function of the coordinates, the wave vectgrin Eq. (1)  —a(x)]/a(x) asé=—b[1+2c,,/cy5)]e. The hole potential
must be replaced by the operatorij{#/dz). The compo- energy is written in the formi

nents of the wave functioris (k| , r) have the form

2a ( 1 Cio hydrostatic strain energy

. v — | & . .

Fu(kp, ) =F .k, 2expik, r)), (2 Vi(2)= C11 ?n the Well-reglon-,
wherek denotes the hole wave vector in the plane of the AE, in the barrier region,
quantum well. (6)

Since the parameters of the effective mass tensor in Eg.
(1) are functions of the coordinates, all operators of the formvhereAE, is the height of the quantum barrier.
A(2)(9%19z%) andB(z)(d/9zZ) in the Luttinger Hamiltonian The conditions for matching the solutions at the quantum
must be replaced by the symmetrized expression¥/ell-barrier interface can be obtained by integrating Eiys.
(9192)A(2)(919z) and 1/2B(2)(d/9z) + (9/9Z)B(z)] to en- N the region close to the interface. The explicit boundary

sure the Hermitian properfy. conditions express the requirement of continuity of the col-
We invoke the unitary transformatigt?®1%1%or block ~ Umn functiond®>®:22
2X 2 diagonalization of the initial 44 Luttinger Hamil- r
. s : . Fi(2) Fs(2)
tonian. We also use the axig@klative to thezaxis) approxi- , (7)
mation'®**for simplicity. The transformed Hamiltonia ,, [Fa(2) Fa(2)
can be written in the forft° and
HY 0] r J 7
H/—"V: 0 HL ! (3) (’}/1_272)5 \/E‘yng Fl(Z)
where d | Fa2)
—Byk (r1+272)
HY, HY
u 11 12 L 4
HY=
Hy H3)’ r .
21 22] d
(r+2y)7 Bk | o
72 19 14 z 3(2)
HY=5—X| (1t y)Kf+ = — (y1=295)= - +& J || Fa2) ®)
11 1 H ’ 4 .
2Mmo | oz oz — By (n-2v));
n? 19 19 L |
HY,==—X| 3yk?—i 3k< ——t == ”
127 2my _\/—Y I V3 NY3T oz 79272 The absorption coefficient for optical transitions between
) hole subbands andn’ is given by the expression
h? 19 19
U 2
H21=5 % V3K +'\/§k( Y37 57 757’3”, An’e?
o | ()= nowcﬂ% [Falkp = far(kp)]
, h? , 14 ] A
sz__ZmOX_(’}’l_Vz)ku"‘75(7’1"‘27’2)?5"‘5 , X |(n"|e-v|n)|28(E, —Ep—fw), 9)

(4) whereng is the refractive indexe is the light polarization

HL R vector, andf,(k)) is the hole distribution function. In the
= -l envelope function approximation the hole velocity operator
Hz1 Hz can be specified as
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vI=

11
0 UIZ‘ 1y

~ U
vf 0
0 % ’

vY o]

The final result for the velocity components can be written inwhere the operatorsﬁJ andv} have the symmetrized Her-

the form

mitian form

1 19 194
" 2kj(y1+ 72) 2\/3yk”—\/§i—( ysi_5+i_57/3)
U
Ul 2mg 1/ 19 19 ; (12)
e 243Kk + 3¢ 737547573) 2Ky(y1=72)
19 19 .
5 TE(71_272)+(71_272)TE —|2\/§y3k”
u
" am - 14 14| 13

i dz

andu"" andv’; are the Hermitian conjugates of the operatorspotentials and the energy barriers between the valence and
v andv, respectively. The matrix elemertg(n’|e-v|n)

can be written in the fordd

Mo€- Vnn =Mg(N’|eVn) = e2 (P,,,O"+Q,,D"),

144

where the coefficients of the matric®s,,Q,,, can be ob-
tained directly from Eqs(13) and(14). The elements of the

overlap matrix0"", and the dipole matri®"", are defined

as

o””'zf F* F,dz

and
19

, 19
nn * A
Doy f F”’( (2); i 9z

vy I Jz

=f A(2)

A(z)FV)dz

dz

JoF, (1 ﬁFV/)*
+F,| =
0z 1 0z

F*1
v'i

Note that the matriyP,,, is linear ink, andQ,,, does not

depend ork; (Ref. 14.

3. HOLE ENERGY SPECTRUM AND MATRIX ELEMENTS
OPTICAL TRANSITIONS IN STRAINED QUANTUM
WELLS

The physical parameters used for the materials GaAs
InAs, and InP in the calculations are summarized in Tablg
.15:16:27 All the materials for the solid solution |n,GaAs
have been calculated by linear interpolation of the params,
eters of InAs and GaAs with the exception of the width of vs

(14)

(19

(16)

OF

the band gap for the strained materig}(In,_,GaAs)
=0.418+0.614+0.48%> eV (Refs. 15 and 16 A difficult

guantity to determine in analyzing the effects of strain inbf oV
guantum structures is the partial distribution of the elastic

conduction bands. In our calculations we have used the
simple model described in Refs. 15 and 16. The fraction of
the hydrostatic potential associated with the valence band is
assumed to be 1/&(=a/3), and the height of the potential
barrier for holes is taken to b&E,=0.64AE,. The energy
spectrum and the wave functions are calculated by the propa-
gation matrix method®*°

Figures 1a and 1b show the calculated structure of the
hole states for a quantum we¢80 A) having the composition
In,_,GaAs/InP for various atomic fractions of Ga&). For
the unstrained quantum well the first hole subbgiidis the
lowest, because heavy holes have a large effective mass in
the direction of the growth axis of the structuiguantum-
well effec). With the onset of compressiorx€0.47) the
energy of heavy-hole states decreases, and the energy of
light-hole states increases under the influence of the shear
potential. It is evident from Fig. 1a that the effective mass of
the lowest state in the plane of the quantum well is “facili-
tated” in this case.

In the case of a tensile-strained structuxe>0.47) the
deformation potential lowers the energy of light-hole states
and raises the energy of heavy-hole states, “competing”

TABLE I. Physical parameters of semiconductor materials GaAs, InAs, and
InP.

Parameter GaAs InAs InP

"attice constang, A 5.653 6.058 5.869

and gapE,, eV 1.519 0.418 1.424
V1 6.85 20.4 4.95
2.1 8.3 1.65
2.9 9.1 2.35

cqy1, 10 dyn/en? 11.89 8.83 10.11
C12,10 dyn/cn? 5.38 4.53 5.61
a.—aq,, ev -9.77 —6.0 —8.6
—-1.7 -1.8 —-2.0
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with the quantum-well effect and resulting in strong interac-the tensile strain, the light-hole subband becomes the ground
tion and mixing of states of the lower subbaridis andL1 state, characterized by a “heavy” mass in the plane of the
in the “transition” composition intervalX=0.5—0.6). This  quantum well.

phenomenon produces a region of negative effective masses The results of calculations of the probabilities of optical
in the plane of the quantum well. With a further increase intransitions (squares of the moduli of the matrix elements
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FIG. 2. Calculated values of the squares of the moduli of the dipole matrix elemmagt)|(n|v,/n’}|? for z-polarization optical transitions and various
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moe'onnf:mo<n'|e'\7|n> are shown in Fig. Zthe vectore is increase. significant!y if the_ grounq state.is a heavy-hole
parallel to thezaxis — z-polarization and Fig. 3(light at state. Thls property is assomatec_i with the dlffe.rent degrees of
normal incidence, the vectaris parallel to the plane of the Penetration of the wave functions of the light-hole and
quantum well —x-polarization as functions of the modulus N€avy-hole ground statés,(2) into the region of the quan-
of the wave vectok;. The results are shown only for tran- tum barrier. Flgu_re 4 bears.wnness to the fact that the light-
sitions from the ground state, because the latter is usually tHa°le wave function is considerably “smoother;” which ac-
only filled state in typical experimental situations. The selec-counts for the smaller dipole matrix elemelﬁlgs, .
tion rules for various intersubband transitions can be inferred  As the wave vectok increases, the heavy-hole and
from an analysis of Eq$12)—(14). The probabilities of tran- light-hole states mix, and transitions between any states be-
sitions for wave vectors in the vicinity &f=0 are given by come possible. For sufficiently lardg€, both matricesP,,
the matrix element,, . andQ,,, contribute to the transition probability. Looking at
It is evident from Figs. 2 and 3 that the selection rulesthe important case of light at normal incidentepolari-
differ markedly for different polarizations. For small values zation), we can see that all the transition probabilities in-
of the wave vectok; the dominant transitions are parity- crease substantially in compressi@@a contentx<0.47),
allowed intersubband transitions betwdéH andLH states when the ground state is a heavy-hole state. In contrast, the
(H1—L2 orL1—H2,H4) in the case ok-polarization and optical transition matrix elements decrease in tensian (
in-band transitionsl1—H2, H1—H4, orL1—L2) inthe >0.47), when the ground state is a light-hole state. It is
case ofz-polarization. The matrix elements of the intersub- evident from Fig. 3c that the transition probabilities are es-
band transitions increase considerably when the ground stapeecially small in the interval of compositions=0.5—-0.6,
is a light-hole statdéunder tensile strajn because the prob- when the lowest state is highly mixed. The above-described
ability of such transitions is inversely proportional to the influence of stress on optical transitions is easy to understand
square of the effective mass in thkelirection. when the variation of the effective mass in the plane of the
For x-polarization, as is evident from Fig. 3, the prob- quantum well is taken into account. Since the transition
abilities of intersubband transitions in the vicinity kf=0 probabilityw,,,» for x-polarization is governed by the matrix



Semiconductors 33 (1), January 1999 Stoklitskii et al. 77

0.20 z ;

X=0.47, well width 804 a Compression
|
H1 !

0.15 1 0.42

2 2 047 7 n, ‘.7'\37.0. 3z
B 3 JAN W e
I 'S YN
3 g VNYARYE
'e 0. 10 oS P ; Y \“ .4!\ ‘.\‘
:L E‘ L' XN N4 '\.\ N\
%) Q ‘\. ," ‘.' : N
~ © . A\ \ ‘\
X ] \ NN

0.05 o e BN

0 0’
i 100 200 Joo 400
Z, Photon energy, meV
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0l
elements(n’|e-v,|n), in the first approximation we can 047
write Wp s (Kj) ~vyn(k)) = dEq(K))/ 9k, . As a matter of fact, 3 = /\ /\
a comparison of Figs. 2 and 3 with Fig. 1 reveals that high 57~ pcrm=="% ;
transition probabilities correspond to a large inverse effective-E AR /o‘ff '
mass JE, (k)/dk; in the presence of compressive strain 2 el A i
: o i~ S0 1 0.52 . _
(heavy-hole ground stateand low transition probabilities .8 . \ p
correspond to small values 6E(k)/dk| (light-hole ground X N U S U A\ J\
state. A e /',..\.\"',\

The variance of the ground stat&, (k)/ k| is particu- ’ \\ £ 4 \ N ™~
larly small for strong mixing of the lower statex{0.5 o° ~ N
—0.6), which drastically reduces the absorption of light at 100 200 Joo 400
normal incidence. We also mention two other factors that Photon energy, meV

significantly affect the intensity of hole intersubband optical o | incid .
. . ; ; ; FIG. 5. Optical absorption spectra in a quantum well at normal incidence for
absorption in the InGaAs system: an increase in the Luttinger rious 1., GaAs/inP compositions aT~0 K. (a) X—0.47 (unstrained

. . V,

parameters and an increase in the depth of the quantum W‘?:ﬂtice), x=0.42. 0.37, 0.32compressiof) (b) x=0.47 (unstrained lattice
when the In fraction (+X) is increased4E, =390 meV for  x=0.52,0.57, 0.67(tension. The hole density is constant and equal to
x=0.47, andAE,=486 meV forx=0.32). 102cm 2,

Consequently, the intensity of optical intersubband tran-
sition in strained quantum wells increases significantly for
the x-polarization (normal incidence of light when the contour'=8 meV. To investigate the effects of stress, we
ground state is a heavy-hole state, and forzfelarization, Ccalculate the normal-incidence spectra for an 80 A

when the ground state is a |ight_ho|e state. Inl,xGa(As/InP quantum well for various values of the pa-
rameterx. In the integration ovek, the two-dimensional

4. INTERSUBBAND ABSORPTION SPECTRA IN A hole density in thze guantum well is assumed to be fixed and

2 —
STRAINED In, _,Ga,As/InP QUANTUM WELL equal to 16°cm™2. o _
The calculated normal-incidence spectra for various

To determine the absorption coefficient, it is necessary:ompositions of the In_,GaAs system are shown in Figs.
to sum the intensities of transitions between the individuaba and 5b. The spectra have a similar appearance for the

mth andnth subbands: unstrained x=0.47) and compresseat€ 0.47) latticessee
Fig. 58, and the dominant transitions até1l—H3 (hv
a(w)=2, apyw). (17 ~100meV) andH1—L2 (hv~200-300meV). The ab-
m,n

sorption in the spectral regiony~100meV @ ~10um),

In this paper we consider the case of zero temperaturevhich is important from the applications point of view, in-
for simplicity, assuming that the distribution function in Eqg. creases significantly as the compression is increased, owing
(9) has the valued(k)=1 for E<E; and f(k)=0 for  to an increase in the dipole matrix elements of the optical
E>E;. The following replacement of thé&function is made transitions(see the preceding sectjort is evident from Fig.
in Eq. (9) in calculations of the normalized Lorentz function: 5a that the peak absorption coefficient attains values
S8(E)=(T'12m)(E?+T?/4)~! with a typical width of the aL~0.005, which correspond to large bulk absorption
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07 : . | crease in the tensionxt0.6) the pure light-hole state
a E;=EmeV Compression emerges as the ground state, and the transitidrs H3 and
] L1—H4 become dominant.
0.47 0.37 The results discussed above have been obtained on the
2 ,?‘32 assumption of a constant two-dimensional hole density
' (102cm™?). In some papers the influence of strain on the
optical absorption has been analyzed on the assumption of a
fixed Fermi level’ To compare the results of the two differ-
ent approaches, we also calculate the absorption coefficients
for a fixed energy of the hole Fermi levéd meV), which
corresponds to a variation of the two-dimensional density of
the hole gas in the interval 8-10%cm™2 (Fig. 6). It is
evident from Fig. 6b that when the Fermi level is fixed, the
IR absorption in the tensile-strained quantum well increases
considerably at photon energies of the order of 100 meV,
exactly as in Ref. 7. It is obvious that the observed increase
in the absorption is associated with an increase in the density
0?2 , < of states of the lower light-hole subbandee Fig. 1b
b } Eg=6meV Tension (at a fixed Fermi level of 6 meV the variation of the atomic
' fraction of Ga from 0.47 to 0.67 corresponds to an increase
in the hole densityn, from 2.5<10"cm ? to 2.2
X 102cm™2). Thus, a comparison of the absorption spectra
calculated at a fixed Fermi level reveals primarily a signifi-
cant variation of the density of states of the lower hole sub-
band. Since the hole density in typical quantum structures
created for infrared applications depends on the doping level
of the quantum well region and not on the built-in strain, the
analysis of the absorption spectra calculated at a fixed hole
density is deemed more suitable.
v T~ Calculations of the absorption spectra for various fixed
0 00 200 300 400 500 hole densities in the rangs,= 10— 10?cm 2 and Fermi
Photon energy, meV levels Ef=5—20meV reveal qualitatively the same strain

dependences as above.
FIG. 6. Optical absorption spectra in a quantum well at normal incidence for
various In_,GaAs/InP compositions al =0 K. (a) x=0.47 (unstrained
lattice), x=0.37,0.32 (compressiopy (b) x=0.47 (unstrained lattice
x=0.57, 0.67(tension. The Fermi level is constant and equal to 6 meV.
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5. CONCLUSIONS

We have conducted a theoretical investigation of infra-
red absorption in straineg-type In,_,GaAs/InP quantum
1 . _wells for both possible types of straitension and compres-
a=aL/L~6000cm . The pronounced shift of the domi- &, e have found that the absorption at normal incidence
nantH1—L2 peak toward higher frequencies is caused byincreases considerably under compressive sthairen the
an increase in the energy gap between the heavy-hole angd, g state has a heavy-hole characterd decreases in
light-hole subbands. _ _ _ _ tensile deformation(when the ground state is a light-hole
The pattern changes radically in tensile strainga The peak absorption in the quantum well in compres-
(x>0.47). It is evident from Fig. 5b that the total IR absorp- sion can attain very large values of the order of 5000 tat
tion in a highly tensile-strained quantum wek=<0.67) is 5o gensities~ 10'2cm~2, lending a definite appeal to the

much lower than in the unstrained structure, consistent Wit%pplication of “compressed’p-type quantum wells for IR
the smaller values of the optical matrix elemefdee Fig. detection

3d). It is evident from Fig. 3c that the optical transition prob- This work has received financial support from the Rus-

abilities drop sharply in the presence of small tensile strain,gian Fund for Fundamental Reseatbto. 96-02-18598and

(x=0.5-0.6). The observed effect is obviously attributable e NS Interindustrial Scientific-Technical Prograhio.
to strong interaction and mixing of the lower hole statds 97-1048.
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The optical properties of structures containing InGaAs quantum dots in GaAs and AlGaAs
matrices grown by molecular-beam epitaxy are investigated. It is shown that increasing the In
content in the quantum dots has the effect of raising the energy of carrier localization and
increasing the energy distance between the ground state and the excited states of carriers in the
guantum dots. An investigation of the influence of postgrowth annealing on the optical

properties of the structures shows that the formation of vertically coupled quantum dots and the
use of a wide-gap AlGaAs matrix enhances the thermal stability of the structures. Moreover,
high-temperature (830 °C) thermal annealing can improve the quality of the AlGaAs layers in
structures with vertically coupled InGaAs quantum dots in an AlGaAs matrix. The results
demonstrate the feasibility of using postgrowth annealing to improve the characteristics of quantum
dot lasers. ©1999 American Institute of Physids$$1063-782609)01901-§

1. INTRODUCTION to preclude the formation of point defects. Hence, the opti-
mum temperature for the deposition of quantum dots and
The growth of structures with ordered arrays of their initial overgrowth does not coincide with the optimum
In(Ga)As quantum dots in afAl)GaAs matrix and their in- temperature for growth of GaAs and AlGaAs. Two funda-
vestigation are pursuits of great current importance in tomental questions arise in this regard: Is it impossible to im-
day’s physics and technology of semiconductorsThe  prove the quality of wide-gap barriers by postgrowth anneal-
most intensive research is aimed at the formation of quantunmg of the structures and, on the other hand, does not the
dots by the spontaneous morphological transformation ofrowth of passive regions of a laser at elevated temperatures
strained layers as they are deposited onto the surface ofiafluence the geometrical dimensions, composition, and
crystal having a different lattice constant. There is intereskhape of the quantum dots.
both in fundamental studies of the physical properties asso- To address these issues, we have undertaken an investi-
ciated with size quantization and in the feasibility of devicegation of the thermal stability of quantum dots by means of
applications for such structuré4.For example, lasers have postgrowth annealing. It has been shown previdudfthat
now been fabricated using quantum dots in the systenthe high-temperature thermal annealing of InAs quantum
InGaAs/AlGaAs (Ref. 5, which is characterized by ex- dots in GaAs shifts the emission line of the quantum dot
tremely high temperature stability of the threshold curfent, structures toward higher photon energigise phenomenon
exceeding the theoretical limit for quantum-well lasérs. of disordering of quantum dots as a result of the diffusion of
It has been shown in several pagerthat the formation atoms across the quantum dot boundary at high tempera-
of dense 5% 10*%cm™3) arrays of coherent InGaAs quan- ture9, but does not significantly improve the luminescence
tum dots on the surface of GaAs @l, Ga)As in molecular-  characteristics of the structures. The quantum dots increase
beam epitaxy takes place only under certain growth condiin size, thereby lowering the average In concentration; this
tions. For example, the ratio of the fluxes of arsenic tobehavior has been confirmed by transmission electron micro-
gallium atoms should not exceed 5-10, and the surface tenscope data’ Moreover, the quantum dot photoluminescence
perature is usually held in the interval 45600 °C. Growth line narrows as a result of the weaker influence of variance
at higher substrate temperatures leads to a drastic reductiaf the quantum dot size on the optical transition energy as
in the density of the quantum dot array, an increase in theize of the quantum dots increases. A decrease in the energy
probability for the formation of dissociated clusters, and theof carrier localization in quantum dots increases the prob-
reevaporation of In atoms from the surface. Consequentlyability of thermal emission of carriers and, in the case of
the deposition of quantum dots and their initial overgrowthlaser applications, raises the threshold current and detracts
(capping by the matrix materialGaAs or AlGaA$ must  from the temperature stability of the device. Consequently, a
take place at relatively low substrate temperatures. On thdetailed study of the influence of annealing processes on the
other hand, we know that the growth of high-quality GaAsproperties of structures containing quantum dot arrays is nec-
and especially AlGaAs layers requires that substantiallyessary in order to optimize the regimes of growth and post-
higher substrate temperatures (60000 °C) be maintained growth processing of laser structures. So far, however, struc-

1063-7826/99/33(1)/5/$15.00 80 © 1999 American Institute of Physics
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TABLE I. Conditions of quantum dot formation.

Sample No. of quantum In content, InGaAs Matrix Ty, °C T, °C
dot tiers thickness, A
1 1 0.23 66 Ab.1:Gay gsAS 500 600
2 1 0.37 22 Ab.1:G 8y gsAS 500 600
3 1 0.50 17 Ab1:Ga gsAS 500 600
4 3 0.50 12 A} 1Ga gsAs 485 700
5 1 0.37 22 GaAs 500 600
6 1 0.50 17 GaAs 500 600
7 1 1.0 8 GaAs 500 600
8 6 0.55 12 GaAs 500 600

tures involving InAs quantum dots in a GaAs matrix havecn?). The luminescence signal was recorded by a cooled
been investigated for the most part, whereas currently thghotomultiplier or a germaniunp-i-n photodiode. The
best results in terms of the performance characteristics Ojamples were annealed in a hydrogen atmosphere for various
quantum dot lasers have been achieved(iorGaAs quan-  durations at temperatures of 66850 °C.
tum dots in an(Al, Ga)As matrix. This fact mandates the
neeq for detailed stud_les of the influence pf pqstgrowth any pEcULTS AND DISCUSSION
nealing on the properties of the structures in this system spe-
cifically and also for the assessment of common patterns and Figure 1 shows the photoluminescence spectra of
differences in comparison with the case of InAs and InGaAssamples with various mole fractions of InA%) in an Al-
guantum dots in GaAs. GaAs matrix at various temperatures. It is important to note
that a variation of the mole fraction of InAs alters the mis-
match between the lattice parameters and, accordingly,
changes the dimensions and shape of the quantum dots. The
The investigated samples were grown by molecularformation of quantum dots for all the structures was moni-
beam epitaxy on GaA%00 substrates. In structures with tored according to the variation of the fast-electron diffrac-
In,Ga, _,As quantum dots in GaAs and MlGa gsAS ma-  tion pattern. It is evident from Fig. 1 that increasindrom
trices, AlAs/GaAs superlattices were grown after the deposif.23 to 0.37 causes the photoluminescence b@id) to
tion of a GaAs buffer layer to prevent carrier leakage into theshift ~65 meV toward lower photon energies. A further in-
substrate. This operation was followed by the deposition of @rease inx does not produce any appreciable shift of the
GaAs or Al 1:Ga, gsAs layer of thickness 100 nm. Then the photoluminescence line. In addition, the photoluminescence
active zone was grown. The indium content, the effectivebandwidth increases. Another prominent feature is the fact
thicknesses of the InGaAs layer, and the quantum dot depdhat when the temperature is raised, the decrease in the total
sition temperatureT) are shown in Table I. Since the criti- photoluminescence intensity of a sample with #5a, 7As
cal thickness at which quantum dots begin to form increasequantum dots is far more pronounced than for structures hav-
as the mole fraction of InAsx) is decreased, the effective ing a high concentratiorn. This behavior of the photolumi-
thickness of the InGaAs layer was decreased for samplesescence can be explained as follows. An increase in the
having a lowerx. After the deposition of the quantum dots mole fraction of InAs causes the energy of carrier localiza-
and a 100-A GaAdqAl, Ga gAs) layer the growth tem- tion in the quantum dots to increase, and this process, in turn,
perature was raised, and a GaAs { AlGa, gsAs) layer and  has the effect of shifting the photoluminescence line toward
an AlAs/GaAs superlattice were grown to prevent surfacdower photon energies. As a result, the geometrical dimen-
recombination. The overgrowth temperaturdg)(are also sions of the quantum dots also influence the electron spec-
given in Table 1. trum and the optical transition energy, thereby increasing the
We have also grown samples containing several quamonuniform broadening of the emission line. Moreover, an
tum dot layers. The growth conditions for these samples corincrease in the degree of carrier localization lowers the prob-
responded to those for the samples with a single layer odbility for the thermal emission of carriers and thus weakens
guantum dots. The active zone consisted of three or six quarthe temperature dependence of the photoluminescence inten-
tum dot layers separated by 50-A barriers of the matrix masity.
terial. Since the total quantity of InGaAs in these structures  An increase in the temperature leads to the suppression
had been increased, the InGaAs layer thickness was dimiref new lines(QD*) on the short-wavelength side of the spec-
ished in the upper quantum dot layers to prevent dislocationsum, owing to the increase in the population of excited
from forming. The mole fraction of InAs, the effective thick- quantum dot states. For a structure with 0.23 the energy
ness of the InGaAs layer, the quantum dot deposition temdistance between the QD and ®Dptical transition lines is
perature, and the overgrowth temperature for these structures45 meV. For a sample witk=0.5 this distance increases
are also given in Table | to ~90meV. In the case of the structure wik+0.5 no
Photoluminescence was excited by an"Aaser beam appreciable change in the profile of the spectrum is observed
(wavelengthA=514.5nm and power densit!=100W/ up to room temperature. However, this result can also be

2. EXPERIMENT
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FIG. 1. Photoluminescence spectra of samples containing quantum dots with different mole fractions of InAs jy 8@ AAs matrix at various
temperatures(a) Sample 1:(1) T=15K; (2) 40K; (3) 70K; (4) 100K; (5) 140K; (6) 180K; (7) 210K; (8) 240K; (9) 280K. (b) Sample 2:(1) T
=15K; (2) 40K; (3) 70K; (4) 100 K; (5) 140 K; (6) 180 K; (7) 210 K; (8) 240 K; (9) 300 K. (c) Sample 3(1) T=15K; (2) 40K; (3) 70K; (4) 100 K; (5
140 K; (6) 180 K; (7) 210 K; (8) 250 K; (9) 300 K. Inset: photoluminescence spectrum of sample B=af7 K.

identified with an increase in the photoluminescence bandsamples containing InGaAs quantum dots with various In
width and the masking of new lines by nonuniform broaden-concentrations in a GaAs matrix. The anneal temperature
ing. Consequently, an increasexifurther weakens the tem- was maintained aff,=700°C, and the anneal time was
perature dependence of the shape of the photoluminescen88 min or 90 min. It is evident that the photoluminescence
spectrum.

The following conclusion can be drawn from our results.

For the investigated samples the quantum dots in a structur a

with x=0.5 are characterized by the maximum degree of
carrier localization and a substantial energy distance betwee
the ground stae and the excited electron states. These a
tributes make such structures promising for applications as
the active zone of semiconductor injection lasers. However,
the large photoluminescence bandwidtk 180 meV) can
work against the attainment of low threshold current densi- |
ties. It has been showh!? that one way to monitor and
regulate the size and shape of quantum dots is by replicatior 3
i.e., by depositing several tiers of quantum dots separated b-g
narrow (of the order of the height of the quantum pot
(Al)GaAs barriers. The inset in Fig. 1 shows the photolumi-
nescence spectrum of a sample with thregBg, ;As quan-
tum dots in an A} 1:Ga gsAs matrix. Clearly the photolumi-
nescence spectrum has narrowed considerably & eV,
indicating that the system of quantum dots has become mor
homogeneous in vertical allocation. The small shift of the
photoluminescence maximum toward shorter wavelengths
for the given structure is probably attributable to the smaller
effective thickness of the InGaAs layer in each successive
deposition cycle.

It has been showR!® that a wide-gap AlGaAs matrix
can be used to enhance carrier localization in quantum dot: |
_an_d _thereby lower substanna_lly the_ threshold current density 45 11 12 1.3 1.4
in injection lasers. We have investigated the postgrowth an- Photon energy , eV
nealing of structures with quantum dots in GaAs and
AlGaAs matrices with a view toward studying the influence FIG. 2. Photoluminescence spectra of samples containing quantum dots
of the matrix material and the In content on the thermaIWith. different mole fractions_ of InAs in a GaAs matrix_ without annealing

- . , (solid curve$ and after 30-mir{dashed curvesand 90-min(dotted curves
stability of quantum dots. Figure 2 shows photoluminescencgnneals afr, =700 °C. Measurement temperatde:77 K. (a) Sample 5;
spectra recorded before and after the postgrowth annealing @ sample 6;c) sample 7.
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FIG. 3. Photoluminescence spectra of a structure without anngdlirand
after a 30-min anneal at various temperatu(@sT,= 700 K; (3) 750 K; (4) FIG. 4. Photoluminescence spectra of structure 4 without anne@lirand
800 K; (5) 850 K. Measurement temperatufe= 77 K. after a 30-min anneal &af,=850 °C (2). Measurement temperaturéa)
T=77K: (b) T=300K.

line shifts toward higher photon energies after annealing, in-
dependently of the In content in the quantum dots. This pheturesT,>800 °C does the short-wavelength shift of the pho-
nomenon has been observed by many research grdapd,  toluminescence line for such a structure become appreciable,
as mentioned above, is attributed to the diffusion of In andvhereas annealing at lower temperatures leaves the position
Ga atoms across the quantum dot boundary, which lowersf the line essentially unchanged. We therefore assume that
the effective In content in the quantum dots. We note, first oftructures with vertically coupled quantum dots have greater
all, that the smallest shift of the photoluminescence peakhermal stability. This result is probably attributable to an
occurs for I sGa;sAs quantum dots. Second, the spectraeffective increase in the size of the carrier localization zone
recorded after 30-min and 90-min anneals scarcely differ ain the case of vertically coupled dots. Diffusion processes,
all. At 700 °C, therefore, the diffusion processes have a shosvhich tend to “smear” the quantum dot boundaries, now
duration, and any subsequent changes are of little signifiexert a far weaker influence on the quantum dot electron
cance. Since the adopted anneal conditions are consistespectrum and, hence, on the optical transition energy. This
with the conditions for the high-temperature growth of wide-result shows that high-temperature emitter growth, at which
gap emitters in injection lasers, this result is indicative of athe density of point defects is small and the optical properties
major modification of the shape and dimensions of the quanef the structure change only slightly, can be employed in
tum dots in a GaAs matrix in the active zone of lasers. growing laser structures with an active zone utilizing verti-
The results of previous studiés® have shown that cally coupled quantum dots.
structures with several tiers of quantum dots separated by We have shown previousty that the high-temperature
narrow (of the order of the dot heightbarriers(so-called annealing of structures containing InGaAs quantum dots in
structure with vertically coupled quantum dptan be used an AlGaAs matrix influences the optical characteristics of the
not only to diminish the size variance, but also to achievestructures to a lesser extent than structures with quantum
greater gain in lasers and to prevent gain saturation in lasindots in a GaAs matrix. Figure 4 shows the photolumines-
through the ground state in quantum dots. Figure 3 shows theence spectra of structures containing vertically coupled In-
photoluminescence spectra for a structure with verticallyGaAs quantum dots in an M=Ga gsASs matrix. We note
coupled InGaAs quantum dots in a GaAs matrix under varithat for the structure with quantum dots in the system
ous anneal conditions. We see that only for anneal temperdnGaAs/Al, 1:Ga gsAS the top AlGaAs capping layer was
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grown at a temperature of 700 °C. During growth, therefore AlGaAs matrix the quality of the AlGaAs layers can be im-
the structure was subjected to a 10-min anneal at higher tenproved by high-temperature annealinf, 830 °C), essen-
peratures than in the annealing of structures with quanturfially without altering the energy spectrum of the structure.
dots in a GaAs matrix. It is evident that for this structure aThese results demonstrate the feasibility of using postgrowth
30-min postgrowth anneal at the temperatdre=830°C  annealing to improve the quality of laser structures.
slightly shifts the photoluminescence lifley 20 meV to- In different stages this work has received support from
ward higher photon energies without altering the low-the Russian Fund for Fundamental Research, the Volk-
temperature photoluminescence intensity or the linewidthswagen FoundatiofNo. 1/73-63), and the International As-
This outcome is probably attributable to the suppression ogociation for the Promotion of Cooperation with Scientists
diffusion processes by virtue of the lower mobility of Al from the Independent States of the Former Soviet UKiiNin
atoms. On the other hand, annealing significantly increaseEAS Grant 96-046).
the photoluminescence intensity at a temperature of 300 K.
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Nonradiative recombination at shallow bound states in quantum-confined systems
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The one-phonon recombination of carriers at shallow impurity states in parabolic quantum wells
in a longitudinal electric field is investigated. It is shown that one-phonon recombination
processes are more active in quantum-confined systems than in the bulk material. The possibility
of electrically induced one-phonon transfer in a confined system is discusseti99®

American Institute of Physic§S1063-7829)02001-3

1. In doped, quantum-confined systettggiantum films  well, the overlap of the wave functions of band electrons and
and single quantum wejlshe onset of resonance states in anbound states decreasesFaincreases, thereby lowering the
allowed band and the existence of size-induced boundrecombination rate. But if the potential energy minimum ap-
stated® (bound states that do not exist in the bulk matgrial proaches a local center &sis increased, the increase in the
can significantly influence kinetic phenomena. overlap integral of the free-carrier and bound-state wave

If an electric field of strength- is directed along the functions causes the recombination rate to increase. In
spatial quantization axis, the band electron energy for paraguantum-confined systems, therefore, a static electric field
bolic quantum wells is given by the relation can significantly influence processes of nonradiative trapping
of free carriers.

In the present article we investigate the characteristics of
single-phonon trapping of carriers by shallow impurity states
in a parabolic quantum well in a longitudinal electric field.
wherefw is the spatial quantization energy —Hf; is the  We discuss in detail the influence of scattered waves on non-
depth of a quantum well of width d, then radiative recombination time.
ho=[8%°E./md?]*? #k, is the quasimomentum of an 2. In the zero-range potential model the wave function
electron of massn in the plane perpendicular to the spatial ¥ (r) and the bound-state energyof the parabolic well in
guantization axis, and\=e?F%2mw?. It follows directly  the presence of a longitudinal electric field are kndwin.
from Eq. (1) that a static electric field merely shifts the car- particular, ifE, is the zero-field binding energy in the bulk
rier energy into the forbidden range, so that carrier heatingnaterial, then folEq /% w>1
effects do not occur.

With present-day technology utilizing computers to e fiw 5 §2_ , Mo d)2
monitor the molecular-beam shutter it is possible to generate — Bom 5 thom: &=7-(20+do)" @
various profiles of the potential of quantum wells. An artifi-
cial parabolic quantum well was first obtained by Gossard The impurity is situated at the point with coordinates
the confined system GaAs/@a_,As. In the system ro(0,0,2p).

Al,Ga,_,As/GaAs Wanget al® have created high-quality The band-electron wave function is determined from the
parabolic wells, in which they clearly observed optical tran-Lippmann-Schwinger equation and in the zero-range poten-
sitions from high quantum-well levels di= 4500 A. Equiva-  tial model is described by the relation
lent quantum-well levels occur for sufficiently wide = ©)
parabolic wells, making systems of this kind highly promis- © VoW, (Z0)
ing for optoelectronic device applications. For ‘I'nkl(r):q'nkl(r)“' 1-V.G .
GaAs/ALGa _,As parabolic well parameter&, = 0.255 eV oGk, (20:20)
and m=0.06m, it is found thatfiw=4.6 meV for d=3

~ J J J
X10°A. A(zy;29) = 1+x—+y—+(z—zo)—}A(r,zo)

We can infer from the form of the electron potential ax  “ay 0z
energyU (z) = (mw?/2)z?>— eFzthat the minimum of the po-
tential of a parabolic quantum well in a longitudinal electric whereV, is the power of the potential well, corresponding to
field shifts in the opposite direction frof(the displacement E,. The second term in Eq3) is the result of taking scat-
do=eF/mw?) and drops by the amount. This behavior of tered waves into account; it will be shown below that scat-
the parabolic well potential in an external field specifically tering determines the magnitude and temperature depen-
affects nonradiative carrier trapping in quantum-confineddence of one-phonon recombination.
systems. If an impurity is located at the center of a quantum  For a parabolic well in a longitudinal electric field

h2K?
Enkl: om +ﬁw

-4, D

1
T2

Gnki(r!ZO)! (3)

x:y:O !
z=2,
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andL, andL are the dimensions of the quantum well along 0 11')0 Zl']l] 3[;”
thex andy axes, respectively. The following inequalities are ﬁﬁco

assumed to hold in our subsequent calculations:

<1 \/mwd>1
1 h 2 H

The first inequality implies that we are considering electric
fields of such a magnitude that many quantum-well levels are
retained in the shifted quadratic potential of the quantum
well. The satisfaction of the second inequality means that we
can use quantum oscillator wave functions in a static electric
field for the ensuing calculations. The last inequality implies

FIG. 1. Temperature dependence of the probability of one-phonon transfer
(in arbitrary unitg of an electron to shallow impurities with the emission of
an acoustic phonorl) £2=0; (2) £2=1; (3) £&=2.

e2|:2d2
Ec

eFd
8E,

<E

that tunneling processes of an electron from a bound state to

the continuous spectrum do not occur in an external field
We calculate the matrix element

Ms,kLn:f \Iié‘(r)eiq'r\lfnkL(r)dr

(g is the phonon wave vectpfor the low-temperature case,
when electrons are situated in the lower quantum-well con
duction band 1=0). If the thickness of the quantum well is
such thattE/A w>1, we have

1 (2 h 277) o
Bl bl PO
LyLyleg Mo V &g
[1-V1+(qa)?]?

>< ~ 1
[1+(qa0)?1?|1— VoGy o(Z0,20)|?

|Ms,k0|ZE

©)

ﬁZ
2ma&’

E, 1

80:%4- =

Eo 5-

The Green’s functiorG,(z,, Z,) is calculated in the usual
way.” As a result, we obtaing<1)

1-VoG,(29,20) =1+

o 1/2
ﬁ) ('o(f)— V2m(l—g)

1—¢
+exq—§2)|nT+iwexp(—§2) ,

(6)

=dr exd 2£%/(e™+1)]
e R =t
exp(£%)
—e T -1 y)
2 ]GXP( &)

The values ofe (szhkf/me) for which the real part of
expression(6) vanishes determine the size-impurity states.
But if the imaginary part of6) is much smaller than unity,
the size-impurity states strongly influence nonradiative re-
combination processes.

3. We now consider the transition of an electron from
the conduction band to a local state with the emission of an
acoustic phonon of energyw,=fiv (v is the sound velocity
in the semiconductor materjalJsing Eq.(5), we obtain the
following expression for the nonradiative trapping time when
the natural inequalitynv’/Eq<1 holds:

1 1 4 [hw|Y?
T—m(:T—&(Fa(g,ﬁﬁw)PE—d ; (7
1 7l

EZZmpvgao,

, (= e "Phop :
Fa(é,Bhow)=exp—§ )fo 11— VoG ,(20,20)|? "

Eq=A2%/md?,

whereng is the density of local centerg; is the deforma-
tion potential constantp is the density of the crystal,
B=1Kk,T, T is the absolute temperature, afﬁ) is the life-
time for the bulk materiaf. The temperature dependence of
Fa(&, Bhw) for various values of¢? is shown in Fig. 1.
Curvesl, 2, and3 are plotted foré?=0, 1, 2, respectively,
and (hw/27wEy)Y?=0.1. The temperature dependence of the
lifetime in connection with the emission of an acoustic pho-
non is the result of taking into account scattering by the
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FIG. 2. Temperature dependence of the reciprocal carrier trapping(itime
arbitrary unit$ in a bound state with the emission of an optical phonon.

FIG. 3. Dependence of the probability of transfer of an electiomrbitrary
short-range potentiallsecond term in Eq.(3)]. Since  unity to a bound statezwith the e;nission ofzan optical phonon on the field
(hwl/Eg)>1 for realistic parabolic well thicknessesl£3  shiftA=fiwo—E. (1) £7=0;(2) £=1,3) £=2.

x 10° A), one-phonon recombination processes can be more

active in the quantum well than in the bulk material. For

typical parameters of GaAs/AlGaAs parabolic wells

(m=0.06m, E;=5 eV, v=5Xx 1020”‘{55 Ec=0.255eV to-  pjic well), owing to the diminution of electron-impurity in-

gether with E=0.02eV, ns=10"cm?, d=3><1C§ A € teraction. For #fwy=0.02eV, Cy=1.48x102

=0, and T=20K we have 7,~3.6x10""'s (7{{)~0.6 n _105cm 3, A=0.01eV, andi=20K (d=3x10°A) we

X 10" '%s). As £” increasesimplying an increase in the elec- 5y =105 (70~25x10 Ms). Consequently, the

. . . . . . an . . ’

tric field if the impurity is located at the center of the Well jitetime associated with the emission of an optical phonon in

Tak Increases, because the minimum of the potential energy parapolic quantum well can be shortender like condi-

moves away from the impurity site, diminishing electron-iong than in the bulk material. For zero electric field

Impurity interaction. (F=0) the quantity¢? depends only on the position of the
The carrier trapping time from the lower quantum-well g ity in the parabolic wellsee Eq(2)]. If the impurity is

conduction band to a bound state with the emission of aRiji,ated at the center of the quantum weal=0), the pro-

optical phonon of energl w, can be calculated analogously: cegses of nonradiative recombination with the emission of an

1 1 (377_8)/,“”0 ho |12 optical ph(?non are more active than in the bulk material.
=0 2. \E ) E BA) Fo(é). (80  When the impurity is farther from the center of the well, the
On  Ton 0 d overlap of the bound-state wave functions and the continu-
Here we have the notation ous spectrum diminishes, resulting in the phenomenon of
lifetime “stretching” [the presence of the factor expé) in
1 Am\[me?Cophing [GReBs Egs.(7) and(8)].
Tg%) m B ' If E>%wg, processes involving the emission of a single
optical phonon are impossible, and only low-probability two-
) 1 phonon processes occur. However, Rass increased, the
Fo(§)=€"¢ bound-state energy decreagese Eq.(2)] and, beginning

= 5

1= VoGasial20.20)] with a certain thresholdc,,, E can become smaller than
Col=%s'+es!, A=hwy—E=0; fiwg, SO that one-phonon trapping processes are allowed.

_ Such electric field-induced one-phonon recombination pro-

£ ande., are the low-frequency and high-frequency permit-cesses can significantly influence the kinetic properties of

tivities of the medium, respectively, and) is the nonradi- quantum wells. The critical electric fiel,, is determined

ative trapping time of a band electron in the bulk matetial. from the natural condition

follows directly from Eq.(8) that 1/, exhibits a nonmono-

tonic dependence on as the temperature increagésg. 2).

The dependence & ,(&) on A/#w for various values of? —&=E—fwg.

(£2=0,1,2 for curves1, 2, and 3, respectively and 2

(hwl2mE)Y?=0.1 is shown in Fig. 3. It follows from this

figure thatr,, increases as the electric field increag@®- For E=0.025eV,Aw,=0.02eV, andd=2x10° A we have

vided that the impurity is located at the center of the paraF,=10*V/cm.
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Radiative recombination is investigated in the authors’ previously propéstaped superlattice,

which can be grown from one of several well-known single-crystal semiconductors of the

type InSb, InAs, or GaAs. The energy diagram of the superlattice consists of alternating trapezoidal
n-type andp-type potential wells for electrons and holes. An equation for the radiative
recombination rate is derived for such a trapezoidal superlattice, and it is shown that, owing to
the spatial separation of electrons and holes, the radiative lifetime can attain values of the

order of 1 ms, and that it depends weakly on the temperature. This result is attributable to the fact
that radiative recombination in a trapezoidal superlattice is governed by optical tunneling
transitions of electrons from states near the bottom ofnthgpe wells to states near the bottom

of the p-type wells. An expression is obtained for the luminescence spectrum of the

superlattice, where the spectral maximum corresponds to a photon energy much smaller than the
width of the semiconductor band gap and can be situated in the far-infrared range. It is

noted that such a trapezoidal superlattice can be an efficient converter of thermal radiation into
very long-wavelength radiation. @999 American Institute of Physics.

[S1063-782609)02101-9

1. We have previousk® proposed a trapezoidal semiconductor by alternating-doped donor and acceptor
S-doped superlatticd TSL) and analyzed its interband ab- layers characterized by surface densities of atergsand
sorption spectra. This type of TSL can be grown from any ofo,, respectively. One period of the TSL spans two pairs of
the better-known homogenous single-crystal semiconductorsuch oppositely charged-doped layers, and the energy dia-
A superstrong built-in electric field is produced in the thin gram of the TSL consists of alternating trapezoidal potential
regions between the oppositely chargédloped layers of wells for electrons and holesee Fig. 1L We refer to the
the TSL. We have showti that InSb and InAs TSLs absorb latter asn-type andp-type wells, respectively. We have
radiation efficiently up to the far-infrared range as a result ofpreviously analyzed the conditions that must be satisfied by
the Franz—Keldysh effet?. Notably, in classical doped su- the parameters of the TSL.
perlattices of then-i-p-i type, proposed in the eighties and In equilibrium, of course, the law of mass action holds at
investigated by Neustroev and Osipo¥° nonequilibrium  each point of the TSL for nondegenerate electrons and holes:
electrons and holes can acquire extremely long lifetimes by p= ni2= NN, exp{—Ey/KT}, whereN; andN, are the effec-
virtue of their spatial separation, but far-IR radiation istive densities of states in the conduction and valence bands,
weakly absorbed in theftt:'2 Another phenomenon that oc- respectivelyn; is the carrier density in the intrinsic semicon-
curs in TSLs is the spatial separation of nonequilibrium elecductor, E, is the width of the semiconductor band galpis
trons and holes, making it reasonable to expect that the nothe Boltzmann constant, arllis the absolute temperature.
equilibrium carriers in them will also be capable of attainingHowever, the longitudinal conductivity of the TSL and the
long lifetimes. In contrast with classical doped superlatticesrecombination rate in it depend on the spatially separated
however, the recombination of spatially separated electronsonequilibrium carriers or, more precisely, on the numbers
and holes is dictated mainly by diagon@hdirect in real of electrons and holes in thetype andp-type wells, respec-
spacg radiative tunneling transitions, because of the prestively. The widths of these wellsy and I, satisfy the
ence of thin regions endowed with a superstrong electriconditions el y<1 andaegl ,<1, Wherea is the effec-
field in the TSL. In this paper we derive expressions for thetive (averaged over the periptbng-wavelength IR absorp-
nonequilibrium carrier lifetime, the radiative recombination tion coefficient in the TSL. Consequently, the Fermi quasi-
rate, and the luminescence spectrum governed by such tralevel F, or F, for electrons or holes can be regarded as
sitions due to radiative tunneling, and we investigate the standependent of the coordinate in eactlype or p-type po-
tistics of electrons and holes in a TSL. tential well. Moreover, for the investigated TSL we have

2. A TSL is formed in a single-crystal nondegenerately, | ,>1,4 (see Fig. 1, and the height of the potential barrier

1063-7826/99/33(1)/4/$15.00 89 © 1999 American Institute of Physics
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a example, wheno,>oy4, we haveP=2(o,—0g)>N;. In
64 Sq 64 the given TSLo, and o4 are approximately equal to (2
—5)x10%cm 2, and the thickness of thp-type well is
|,=100 A (Ref. 1), so that the hole density in tigetype well
can be of the order of #cm™2, which comes close tdl,
for InSb.

3. The radiative recombination of nonequilibrium carri-
ers in the TSL is determined by radiative tunneling transi-
tions, indirect in real space, of electrons framtype wells
into p-type wells. For nondegenerate electrons and holes the

b corresponding radiative recombination rate can be written in
the form
R =ANP. )

The differential radiative recombination rateRs=R, —G;,
where G, is the rate of thermal generation of carriers. In
thermodynamic  equilibium R,q=G;=ANoPo=.4AN?,
whereNg and Py are the equilibrium numbers of electrons
and holes im-type andp-type potential wells, respectively,
and Ni2 is given by Eq.(2). Let the incrementdN andAP

of the carrier densities in the potential wells be small in
FIG. 1. Doping profile(a) and energy diagrartb) of a trapezoidab-doped ~ comparison with their equilibrium values. Then, taking into
superlattice(a) o4 and o, are the surface densities of atoms in thdoped account the relationAN=AP andG,;= ANiZ and relying on
donor-type and acceptor-type layers, respectividlyandN, are the donor Eq. (3), we can writeR in the form R=AAN(Ny+ Pg)

and acceptor densities, amhg,l,, andl,4 are the thicknesses of the TSL =AN/7 i th diati lifeti f ilibri
layers;(b) the arrow indicates the tunneliigndirect in real spadeelectron- - 7R, I.€., the radiative lifetime or nonequilibrium car-

hole recombination with the emission of a photon of enetgy=E", riers is
whereES" is the effective width of the TSL band gap. 2
’ Tr=N{/G(Ng+ Py), (4

L

and the radiative recombination rate is

satisfies the conditiogV,>kT (q is the electron chargeso R,=GN PNi_Z. (5)
that within small error limits the numbers of nondegenerate
electrons(N) and holes(P) in the corresponding potential
wells per unit area are

Enlisting an idea of Van Roosbroeck and ShocKféyie
can write the rate of thermal generation of carriers in one
period L of the TSL per unit area of the face in thermody-

N=Nclqexp{(Fn—Eg)/KT}, namic equilibrium in the form
P=N,I Vp—F,)/KT}, 1 » d[N(%
v aEXp{(q b p) } (2) Gt:Lf vaer(hw) [N( w)]d(ﬁw), 6)
o 9 d(#w)

whereF, andF, are referred to the edge of the valence band

in an n-type potential well, and the numbeksand P have .wherevg=c/ﬁ is the group velocity of photons in the semi-

the dimensions of surface density. In thermodynamic equi- ~. o . .
librium it follows from Eq. (1) that conductorn is the refractive index of the semiconductois

) the speed of light in empty spacke is the photon energy,
NP=NN, I 4l 2 exp{(qVp—Eg)/KT}=N{. (20 N(w) is the number of equilibrium photons, determined
éré)_m Planck’s formulag(# w) represents the average over
trons and holes localized imtype andp-type potential wells the TSL period of the long-wavelength absorption coefficient

14 :
of the TSL, respectively, are formally governed by the sta-a(ﬁ“’) due to the Franz—Keldysh eff@t'“in the regions

tistics of the nondegenerate electron gas in a certain homdccupied by the built-in electric field of the TSL. We have

geneous narrow-gap semiconductor with a band gap havin@ﬁown previousfythat

an effective widthE%”: Eq—dVy. This result is to be ex- aeﬁzza(ﬁw)(ﬁw_ngf)/qEL, (7
pected, becauseEg characterizes the long-wavelength
threshold of interband absorption of radiation in the TSL;W
i.e., it is also the effective optical width of the TSL band =,
gapl a(fiw)=mRVhwe f,; AiZ(x)dx, 8
It follows from the periodicity of the TSL that the elec-
troneutrality condition must hold for each period, i.e., R=(2u/h?)%42q?P2)/(m’*cnw), we=(qE)?¥(2uh),
P+Nglgt203=N+Nyl,+20,. When Nylg+203—Nuly, B=(E;—fiw)/hweg, and E=4mqo/e is the electric field
—20,<N;, the relatiorN=P=N; holds, and such a TSL is between the oppositely chargéedoped layers £ is the di-
aptly called intrinsic. In realityoyq and o, are much larger electric constant of the semicondudtar= 4= o, mis the
than Ngl4 and N,l, and are not equal to each other. Forfree-electron massy '=m_*+m; * is the reduced effec-

Consequently, the numbers of separated nondegenerate el

here
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tive mass, Aik) is an Airy function, P, is the interband and o, therefore leads to fluctuations cﬁgﬁ in different
matrix element of the momentum operator and for semiconperiods of the TSL. However, this scatterlﬁgﬁ should not
ductors exhibiting Kane dispersion is given by the expreshave a significant effect on the valuesmfbecause, accord-
sion Pguzszg(EIaSJr As)/BMc(Eg+3As0), and Ag, is the  ing to (9), in strong electric fieldsyoc (EST) ~* [the coeffi-
spin-orbit splitting™ We have showhthat superstrong elec- cientRocwfloc(Egﬁ)*l], so that, according t612), the de-
tric fields can be generated in a TSL, where the longpendence of on ngf is relatively weak.
wavelength electronic absorption is governed by tunneling 4. we now interpret the results. Obviously, nondegener-
optical transitions of electrons mainly from the heavy-holeate electrons and holes have characteristic energies that co-
subband of the conduction bafid contrast with moderately incide (to within kT) with the energies of the bottoms of the
hlgh fields, where the electronic absorption is governed b)ﬁ-type andp_type potentia| wells, respectivelg:ig. 1. As
|Ight h0|8§'6’14). In this case the far-IR absorption coefficient they recombine by radiative tunne]ing, they emit a photon
in the superstrong electric field regions of the TSL is close tquith energys w= ngf_|. kT, so that the absorption coefficient
the interband absorption coefficient and is weakly frequencyfor such photons must determine the radiative recombination
dependent up to a photon energy of the ordeEf. We  rate in the TSL. This assertion essentially follows from Egs.
note that the effective optical band g&§"<Eg in the in-  (10), (12), and(5). It also implies that the superstrong elec-
vestigated TSLs, and the light-hole spectrum in the corretric field conditiot in the given situation iSE>E,
sponding potential wells is highly quantized, so that IightE(qﬁ)*l(zﬂ)l/2(Eg)3/2_ When this condition is satisfied,
holes do not contribute to the absorption of far-IR radiationthe absorption is at a maximum and is given by Ej.
with ﬁszgﬁ. The long-wavelength absorption coefficient We have showhthat an InSb TSL with parameters
in the superstrong electric fields is given by the equation ,=5x 10%2cm 2, 1,=42A, 1,=233A, andl4=33A has
12 E"~0.05 eV, which corresponds to the long-wavelength ab-
a(hw)=T (2/3)R\/ﬁ_wE/47T’ © scg>rption threshold .,=25um. A calculation of the lifetime
whereu=m., andI'(x) is the gamma function. Substituting from Eq.(12) using the expressions far (9) (which is valid

the Planck distribution into Eq6), we obtain for E>E,) gives the following for a TSL with the indicated
552 . parameters: 7g=10 *[2N;/(No+Py)]s, where N;=1.7

FL ? ho)2(ho—EMalho) x10°cm™2 at T=77K. In the given TSL, however, the

m?c*h3qE JES g built-in field E~E,, i.e., one cannot possibly interpret that

~ off the strong electric field condition is satisfied. A calculation
2n ex4 _ E_g] of the lifetime from Eq.(12) using the value ofx evaluated
m2c?h3qE kT numerically from the general equatid®) gives rx=(3.6
P X 10 *)[2N;/(Ng+Py)]s. The lifetime attains a maximum
T et eff . o2 _ < TRi=360us in an intrinsic TSL. The same lifetime is en-
~ fo a(Eg +E)(Eg+E) Eex;{ kT]dg' (10 countered in an InAs TSL with parameters such that
Nco=25um (Ref. 4. The radiative recombination time can
be several orders of magnitude shorter in extrinsic, nonde-
generate TSLs wittPg=N,l,. It is clear that the built-in
electric field E diminishes aso decreasesand asl,q4 in-
creases accordingly so that the electronic absorption de-
creases, while the radiative tunneling lifetime in the TSL
Increases and can attain huge values.
5. We now discuss the luminescence of the TSL. Ac-
geff cording to Eqgs(5) and (10), the spectral density of the re-
). (11 combination radiation is

Xexg —hw/kTH(hw)=

Here we have made allowance for the fact tE§ﬁ> kT and
Ey> Egﬁ. It is evident from Eq(9) that in very strong elec-
tric fields the electronic absorption coefficiam(ES“JrS) is
high for £=0, depends weakly o&®™, and at moderately
high temperatures is a much smoother function€aothan
exp[—£&/kT}. We can take advantage of these properties t
estimate the integral in Eq10), whereupon we obtain

2(nkTE")?2
_ 2T ) 5) a(Egﬁ)exp( -2
m2c?h3qE kT

Equations(11), (5), (4), and(2) give the radiative tunneling

'~ 2% 3
recombination rate and the corresponding lifetime. The life- S(w,ESM) = NP M(ﬁw—Ee“)a(w)ex;{ _ ﬁ_“’)
time is "9 N2 #2cqE 9 kT
(13

w2C?h3qE NcN,lgla

= ffy 2
2(nkTEg )? NotPo According to Eq(13), the luminescence spectrum comprises

It is evident from Eq.(12) that the radiative tunneling a narrow line having a half-width of the order b and a
recombination timerg in the TSL depends comparatively maximum corresponding ﬂbszg”Jr kT. It follows, there-
weakly on the temperature, in contrast with classical dopedore, that the luminescence spectral density, in contrast with
superlattices, where the carrier lifetimeycexplqV,/kT}  the radiative tunneling lifetime, depends exponentially on
(Refs. 7—10. Here 7 increases with decreasing electronic Eg“. As mentionedEg‘ff varies from one period to the next,
absorptiona of photons with energﬁw=Eg“< Ey. Inreal  owing to technological scatter of the TSL parameters. It is
TSLs the surface densities of dopant atoms in fhdoped  natural to assume that the quctuationsI:‘@ff fit a Gaussian
layers cannot be rigorously determined, and the scattet;of distribution P(Eg“)zexp{—(Egﬁ— ngg) 212AY/\27wA  with

R a(ESH 7L, (12
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meanESy and variance\. Averaging Eq.(13) over this dis-  Position can be varied between wide limits by varying the
tribution, we find that the luminescence spectrum of a reaparameters of the TSL. The radiative lifetime in the TSL is a

TSL can be written in the form minimum in this case; i.e., luminescence is most efficient in
o a TSL whose parameters are such that the built-in electric

S(w,ES“)= j S(w,Egﬁ)'P(Egﬁ)dEgﬁ fields in it are superstrong, and the density of hdtaselec-
0 trong is large. We emphasize that a TSL having such param-

~5 3 eters and existing at a sufficiently low temperature is an ef-
_ E n“hw’a(w) Xp( B ﬁ_w) (ho—E ficient converter of room-temperaturd 4300 K) thermal
Ni2 m2c?qE @ radiation into very far-infrared radiation.
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Erbium-dopeda-Si:H films are prepared by magnetron sputtering of a Si-Er target at a deposition
temperature of 200 °C. The films are then subjected to cumulative thermal annealing. A

sharp increase~50-fold) in the photoluminescence intensity at a wavelength of Lbdis

observed after a 15-min anneal at 300 °C in a nitrogen atmosphere. At an anneal
temperature=500 °C the photoluminescence signal decreases essentially to zero. The influence
of thermal annealing processes is discussed in the context of the model of partial
transformation of the structural network of amorphaeSi(Er):H films. © 1999 American

Institute of Physicg.S1063-782809)02201-3

INTRODUCTION ond, thea-Si(Er):H thin-film deposition technology is highly
sophisticated and compatible with silicon integrated-circuit

The last decade has witnessed a consistent preoccupati@thnology. Third,a-Si(Er):H exhibits a high intensity and
with semiconductor materials doped with rare-earth metalsveak temperature extinction of photoluminescence at a
(REMs), in keeping with the development of fiber-optic wavelength of 1.54m in comparison with crystalline
communication techniquésThese materials are intriguing in  silicon*° Nonetheless, many problems pertaining to optimi-
that REM ions in semiconductors behave like efficient in-zation of the production of efficiently radiatingSi(Er):H
center, narrowband infrared emitters. In particular, for thehave yet to be solved completely. One such problem is the
trivalent erbium ion (Et") the radiative optical transition influence of thermal annealing GSi(Er:H films to im-
4 13— 4 15411 takes place at a wavelength of 1,6#h,  prove the emission properties ofErions.
which corresponds to minimum attenuation and dispersion in ~ The objective of the present study is to investigate the
quartz optical fiberé.The principal advantage of erbium- influence of thermal annealing on the intensity of 15d
doped materials is the weak dependence of the radiatiophotoluminescence and the physicochemical processes ac-
wavelength on the host matrix to the erbium dopant, thecompanying this treatment. The main efforts are aimed at
excitation conditions, and the temperature. The combinatiolbtaining films whose deposition and subsequent annealing
of these properties, which have important bearing on opticalo stimulate maximum enhancement of the photolumines-
engineering, with the feasibility of the electronic pumping of cence intensity take place &300 °C. This endeavor is of
REM ions in semiconductor structures opens the door to theundamental value from the standpoint of compatibility with
design of amplifiers and generators of highly monochro-silicon integrated-circuit technology.
matic, thermally stable radiation.

In recent years conS|deral?Ie attention has been de\{oteEci@ERlMENTAL PROCEDURE
to the preparation of erbium-doped single-crystalline
silicon3 Silicon is the principal material used in semiconduc-  The a-Si(En):H films were deposited by cosputtering of
tor electronics, but it is shunned as an optoelectronic materiédi and Er targets with simultaneous decomposition of the
because of its indirect-band energy structure, which is a hinreactive gas in the plasma of a dc magnetron discharge. The
drance to efficient interband radiative recombination. Thanagnetron system was of the planar type and utilized SmCo
possibility of obtaining light-emitting structures using permanent magnets. One target of diameter 60 mm was made
erbium-doped silicon holds considerable promise for thdrom a p-type Si plate with a resistivityy=10—150-cm.
implementation of optoelectronic integrated circuits basedrhe zone of intense sputtering was carefully overlaid with
entirely on silicon technology. The fabrication of silicon op- high-resistance intrinsic silicon wafers wipt>k( - cm. This
toelectronic devices is further beset by a number of probstructure inhibited the generation of surface charges on the
lems, mainly the low limit of attainable densities of optically target and ensured stable burning of the discharge. An Er
active erbium ions and strong temperature extinction of thearget in the form of one or two wafers having dimensions
radiation intensity at a wavelength of 1.a4n. 9x 1 mn? was placed in the zone of intense discharge in the

The above-stated problems can be solved by usingap between the high-resistance silicon wafers in the radial
erbium-doped amorphous hydrogenated sili@8i(Er):H. direction. The target-substrate distance was 60 mm. The Ar
First, the electronic properties of this kind of material meetsputtering gas and the reactive gas with components in the
the requirements imposed on semiconductor devices. Secatio [ SiH,]/[ SiH;+H,]=20% were delivered from differ-
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ent sources. The partial pressure of the silane-hydrogen mix-
ture in the discharge chamber wad.5x 10~ 3 Torr, and the 5 o
Ar pressure was-(8—30)x 102 Torr. The minimum oxy-
gen content depended on the tightness of the vacuum systen
The discharge current was chosen near the threshold o
stable burning and was varied in the interval 15-30 mA. The .
substrate temperature was 200 °C. The substrates were mac *p
of alkali-free glass, fused quartz, and crystalline silicon. The , * J/
deposited layers had thicknesses of-0150 um. 7‘53 R .

The properties of the films were monitored according to 2
the following set of optical parameters: the energy position .g:
and slope of the optical absorption curve and the Urbach ®
characteristic energy. By varying the conditions of the tech- *
nological process and the ratio of the areas of the erbiumw2
wafers and the silicon target it was possible to obtain films .
with a set of parameters close to the standard characteristic: ..' .p/
of aSiH: Eg=1.7eV, B=700cm’-ev 2 and A Y
Eo=60meV. Herek is the optical width of the band gap as / $ . %
determined by the Tauc procedure, aBg is the Urbach
parameter. ‘

The amorphousness of the films was monitored against 0 1.50 1.52 1.54 15  1.58 1.50
Raman spectra. Only a wide band centered around A, pm
480 cm !, typical of a purely amorphous film structure, was

observed for both the as-prepared and the thermally annealé&t. 1. Photoluminescence spectraze8i(En):H at T=77 K plotted as a
|ayers function of the cumulative annealing temperatui@. as-prepared sample;

. . . . . . (b) annealing afl ;=300 °C;(c) annealing afl ;=300 °C+400 °C. The an-
The impurity concentration in the films was determined nealing pmcedur; is explained in the text. 2

by secondary-ion mass spectromd®yMS) and for Er had a
value~5x10?°cm™ 3. The oxygen concentration from natu-
ral leakage into the reactor also did not exceedstep already produces a sharp, approximately 50-fold in-
5x10%°%cm 3. crease in the photoluminescence intensity, ). However,

The photoluminescence was investigated during excitathe next annealing step @, =400 °C causes the intensity of
tion by an Ar" laser operating at a wavelength of 488 nm atthe photoluminescence peak to decrease. The third annealing
liquid-nitrogen temperature and room temperature. The restep causes the signal to decrease or vanish altogether, de-
ceiver was a cooled germanium photodiode. The measurgrending on the specific characteristics of the originally pre-
ment channel comprised a high-sensitivity narrow band amscribed technological deposition regime. This behavior of the
plifier, a phase detector, and a computer. photoluminescence ina-Si(En:H has been established
previously®=8In Ref. 6, however, the object of investigation
was a-Si:H prepared by plasma-enhanced chemical vapor
deposition(PECVD) and doped by erbium ion implantation.

The amplitude of the photoluminescence peak atCumulative annealing was carried out for 2h. The investi-
A=1.54um was no more than four or five times the noise gated material in Refs. 7 and 8 wasSi(Er):H prepared by rf
level in the as-prepared samples. It is important to note thatathode sputtering of Si and Er in an argon and hydrogen
variation of the set of technological parameters did not proatmosphere. Cumulative annealing was carried out in an ar-
duce any radical changes in the photoluminescence signal. ¢ion atmosphere for 15 min. It is known from practice in the
was found, however, that a decrease in the growth rate of théeposition ofa-Si:H that a change of technology leads to the
layers to less than 1 A/s tended to increase the photoluminegroduction of somewhat different structural modifications of
cence intensity. A possible explanation for such behavior i®-Si:H. Accordingly, a difference shows up in the behavior
the nonequilibrium of the investigated system. The addi-of the photoluminescence as a function of the anneal tem-
tional technological operation of thermal annealing of theperaturg(Fig. 2). In our case attention is called to the critical
films was therefore instigated. They were annealed by increrature of the choice of anneal temperature, as opposed to
menting the temperature in sequential stepsnulative pro-  Ref. 6, where the temperature interval of effective annealing
ces$ in a nitrogen atmosphere at standard pressure. In this more spread out, and in Ref. 7 it is shifted into the region
first step the temperature was set equal'te=300 °C for a  of higher temperatures;500 °C.
duration of 15min. The sample was then cooled to room  We also note that efficient photoluminescence has been
temperature and annealed repeatedly Tg=400°C for observed after annealing at,=300 °C in a-Si(Er):H pre-
15min. The temperature in the successive steps wasared by a standard PECVD procedure using the fluorine-
T,=500, 600, and 700 °C. containing metal-organic complex EFA);-DME[HFA=

The results of the influence of thermal annealing on theCF;C(O)CHC(O)CF;, DME=CH;OCH,CH,OCH;] (Refs.
photoluminescence are shown in Fig. 1. The first annealin@ and 10.

2

1
L]
....
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and filling the structural network a-Si(Er):H in a concen-
tration up to 10% can act as a catalyst for this process. The
narrowness of the region of structural transformation in an-
nealing in our case attests to the narrowness of the distribu-
tion of heights of the diffusion barriers for mobile impurities.
This conclusion is corroborated by the small width of the
photoluminescence peak. The set of structural defects in im-
planted sample$judging from all appearances, is more di-
verse, so that the interval of optimal thermal annealing is
broader and shifts toward higher temperatures. In regard to
the distinctly nonequilibrium method of rf cosputterifg),
the dominant type of bond in this case is found in the stron-
ger passivating Si—H bonds, whose breaking temperature
corresponds roughly to 500 °C. The decrease of the photolu-
minescence intensity essentially to zero in our films at
T=500 °C is attributable to the loss of hydrogen by the ma-
terial and, as a result, a high concentration of dangling
bonds, which are centers of nonradiative recombination of
electron-hole pairs formed by the pump source.

We also note that the problem of obtaining the optimal
density of optically active Bf" ions can be solved only in
conjunction with metered predoping of the films with oxy-
gen. The erbium and hydrogen concentrations in our films

| i . were approximately equal, whereas the optimal ligand envi-
200 300 400 500 600 700 ronment for erbium ions, as mentioned, consists of six oxy-
Tg,°C gen atoms.

S
[~ ]
T

Normalized I,

I
+
T

FIG. 2. Normalized photoluminescence intensith\at1.54 wm as a func-
tion of the anneal temperatur&) data of the present study at a measure- CONCLUSIONS

ment temperaturé=77 K; (b) data of Ref. 6T=295 K; (c) data of Ref. 7, . . L
T=77 K'p ®) © We have thus shown thatSi(Er):H films emitting ra-

diation at a wavelength =1.54m with optical parameters
close to those of standard amorphous hydrogenated silicon
The physics of the structural transformation processegan be prepared by the magnetron cosputtering of Si and Er

taking place in thermal annealing is well understood. It has 2" argon-silane atmosphere with strong dilution of the

been established that the breaking &+I3—Si bonds, the S|I_ane with hydroggn. We have d|scovered that the photolu
: : ; . e ._ minescence intensity increases approximately 50-fold after
liberation of hydrogen, and its efficient diffusion and partial . .

. . L thermal annealing of the films. It should be noted that both
separation take place in the structural networlaedi:H in

the temperature interval 300400 fRefs. 11 and 12 The deposition and optimal thermal annealing have been carried

structural network acquires an additional degree of freedor‘r? ut at low temperatures: 200°C and 300°C, respectively,

. . -~ making i ibl reconcile th hnological pr -
for partial reorganization in this case. If the structure is ini- aking it possible to reconcile the technological process de

) : . L veloped in this study with standard silicon electronic tech-
tially insufficiently close to equilibrium, structural transfor- .
nology. We have proposed a mechanism for the structural

mation during thermal annealing leads to more Completl?ransformation of the amorphowsSi:H network during an-
saturation of the chemical bonds for all constituent compo- )

o : . . nealing as the mechanism responsible for the observed en-
nents of the lattice, including erbium and residual oxygen. . . .
. 3 Co . hancement of the photoluminescence intensity.
It is a well-known fact that erbium in silicon can exist : . .
: e . : . This work has received support from the Russian Fund
both in a silicon environmen{Si(12)) and in an oxygen

. : > for Fundamental Researc¢Rroject No. 98-02-17350
environment O(6)). Only in the latter case, however, is the ¢Rroj 9
configuration of the erbium environment optimal for the for- . _ _
mation of an optically active center that emits efficiently at a - Rare Earth Doped Semiconductors édited by S. Coffa, A. Polman, and
wavelength of 1.54m. In light of these considerations, to R. N. Schwartz(MRS, Pittsburgh, 1996[Mater. Res. Soc. Symp. Proc.

9 : " 9 . . v Y 422,1(1996].
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Amorphous hydrogenated silicaa-Si:H) films with photoconductivities as high as®Q.e.,
exceeding the photoconductivity of “standard@-Si:H by two orders of magnitude, are
investigated. The dark conductivityrf) of the films has an activation energyE=0.85
—1.1eV. The photoconductivity,, is measured at a photocarrier generation rate of
10*cm3.s7 ! and photon energy=2 eV. Several distinctive characteristics are ascertained in
the behavior ofr,, and oy as functions oAE and also in the spectral curve and decay

kinetics of o, during prolonged illumination. It is concluded that the investigated material holds
major promise for photovoltaic device applications. 1®99 American Institute of Physics.
[S1063-782629)02301-1

1. INTRODUCTION the data of our study and Refs. 2—4. Also shown in the figure
are data for am-Si:H sample prepared in Ref. 7 by hot-wire
deposition from Si:lj (the objective of Ref. 7 was to obtain
and investigate nanocrystalline silicon samples, and silane-
hydrogen mixtures were used for this purposehe authors

of Ref. 5 give only the ratiary,/oq, but not the separate
photoconductivities oAE.

A well-known characteristic of intrinsic amorphous sili-
con(a-Si:H) is the activation energy of the dark conductivity
(09) AE=(g.,—eg)1-0=0.85¢eV (g, is the edge of the con-
duction band, ancg is the Fermi level and its room-
temperature photoconductivityof,/oy) is approximately

equal to 10 (the photoconductivityo,, is evaluated for a ol ¢ . hat th . di
carrier generation rat&=10cm 3.s7! and an incident- It follows from Fig. 1 that the points corresponding to

light photon energyi =2 eV, Ref. 3. More recently, how- the high-photoconductivita-Si:H samples prepared by dif-

ever, there have been reports of the preparation of intrinsif€rent techniques fit the general curve ®6i:H. The rela-
a-Si:H with o/ oq=10P (Refs. 2-5. The authors of Refs. " oq=euNexp(y/kjexp(—AEKT) is well known; heren

2—4 have attributed the elevated valuegf,/ o4 to the pres- is the mobility of electrons in the conduction bamdjs the
ence of ordered-structure domains with dimensions of th@umber of states in this band in the interval of energies of the
order of 1 nm in the amorphous matrix. In Refs. 2a-&i:H order ofkT, andy is the temperature coefficient of the gap

films were deposited by plasma-enhanced chemical vapdie~ €F - Assuming thal and y are constant, we infer from
deposition using an rf glow dischargef PECVD) from the results n F'g'_ 1 that the mobilitys in h'gh'
strongly hydrogen-diluted SiH In contrast, Azumat al,’ photoconductivitya-Si:H does not depend ohE and is ap-

after preparing films by ESR-assisted remote hydrogerﬁ)ro?(imately an order of magnitude higher than in standard

plasma depositidhfrom SiH,Cl,, have attributed the high & SI:H-

values ofoy,/ o4 observed by them to the formation of voids W€ now analyze the photoconductivity dafag. 2. We
with a filling ratio of 2—4vol. %. In their opinion, the pres- know that for standar@-Si:H o, decreases monotonically

ence of voids tends to reduce the local voltages in the SFSAE increases, where the density of defeis increases
structural network and, in turn, to lower the density of de-I" the interval AE=0.85-1.10eV, and the dependence of
fects (dangling Si—Si bonds 0ph ON Np can pe written asrp~ 1/Np (Ref. 1). For high-
Departing from Refs. 2-5, we have investigated amor photoconductivitya-Si:H, on the other hand, the,, data are
phous hydrogenated silicon with a high photoconductivity,!°0 Scattered for the dependenceogf, on AE to be deter-
deposited by rf PECVD from 100% SjHith variation of ~ Minéd. Sinceéap,~u7 (7 is the electron lifetimg and
the position of the Fermi levelAE=0.85-1.10eV. The M=CONst itis obvious that the scatteref, (AE) is caused
objective of the study is to obtain information about the elecPY the scatter of the lifetimes, which nonetheless are much
tronic properties of the material, which, in our opinion, Ionggr_ than the lifetimes in the standar@-Si:H. All other
would be useful in lending insight into the factors respon-conditions being equal, therefore,,/ o4~ 7, so that wherr
sible for the enhanced photoconductivity. increases approximately by a factor oleme defect .den5|ty '
Np can be expected to decrease accordingly. This behavior
suggests the existence of additional recombination centers,
whose density is not directly related to the position of the
Figures 1 and 2 showy and oy, (T=300K) as func-  Fermi level.
tions of AE for “standard” a-Si:H having a photoconduc- Investigations of the defect density in films with
tivity (opn/og) close to 16 at AE=0.85-1.1eV and also enhanced photoconductivity by the constant-photocurrent
for a-Si:H having a high photoconductivity — according to method have shown that f&xE=const the densitNp de-

2. EXPERIMENTAL RESULTS

1063-7826/99/33(1)/4/$15.00 97 © 1999 American Institute of Physics
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FIG. 1. Dependence of the dark conductivity at T=300 K on its activa-
tion energyAE. (A) “Standard”a-Si:H; (B) a-Si:H with an enhanced pho-
toconductivity. The experimental points represent data frdnour study;
(2) Refs. 2—4;(3) Ref. 7.

creases by less than an order of magnitude relative to the

defect density in the standaedSi:H. It is ascertained from

the absorption spectra in Fig. 3 that for the film endowed

with the largest ratiar,/ o4 of all the films prepared by us

(3x10°), for which AE=1.05eV, the defect density is

Np=10cm™3, whereas for the standagdSi:H films (with
the same position ofg) we haveNp=5x10%cm 3. It is

O. A. Golikova and M. M. Kazanin
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important to note the situation reported in Refs. 2—4, where
Np was observed to decrease in a high-photoconductivityr!G. 3. Absorption spectra for a standaaesi:H film (1) and for a high-
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FIG. 2. Dependence of the photoconductivity,, at T=300K (G
=10"cm 3.5, £=2 eV) on the dark-conductivity activation energg.
The solid line is plotted for standaraSi:H; the experimental points are
plotted fora-Si:H with an enhanced photoconductivity{,/o4) from data
in: (1) our study;(2) Refs. 2—4;(3) Ref. 7.

photoconductivity film aAE=1.05 eV (2).

film from the value ofN in standarda-Si:H, but also within
order-of-magnitude limits. The authors of Ref. 5, on the
other hand, have found for their films th&,=(2-5)

X 10"°cm™3, which is close to the minimum densityip
attained in standard-Si:H (Ref. 1). Consequently, there is
no foundation for a radical decreaseNg in films having an
enhanced photoconductivity.

The results of experimental studies of the current-
illuminance diagram for our films with a high photoconduc-
tivity opn/ag show that the current-illuminance diagram at
the wavelength of the incident light, 630 nm, is described by
a power law with power exponent close to unity; this behav-
ior is inherent in standard-Si:H with a low defect density.
The spectral curve, on the other hand, has a distinctive fea-
ture in the presence of a secondary maximum at 540 nm, in
addition to the maximum at 620 nifig. 4).

Figure 5 shows the dependence of the relative variation
of a,n On the elapsed time during a total 5-h exposure to
light having a powerW=100 mW/cnt and A<0.9um at
room temperature. Three films were investigated with close
values of AE (0.89-0.92¢eYV. The first film, deposited at a
temperaturel ;=380 °C, had a high photoconductivity and
contained 8 at. % hydrogéhThe other two films were stan-
darda-Si:H deposited aT ;=380 and 300 °C and contained
4 at. % and 8 at. % hydrogen, respectivlit.is evident that
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« an order-of-magnitude higher electron mobility inde-
pendent ofAE;

« a lengthenedby as much as two orders of magnitiide
electron lifetime, in contrast with the less than order-of-
magnitude increase in the defect density determined by the
75 - constant photocurrent method,;

* a large scatter of the lifetimesasAE is varied,;

* an excess hydrogen content in comparison with the
hydrogen content of standaedSi:H at the same film depo-
sition temperature;

7 o « accelerated decay kinetics @f;, under the influence of
prolonged illumination in comparison with that observed for
standarda-Si:H with the same hydrogen content;

 two maxima on the spectral curve, one the same as for
standarda-Si:H, and the other observed at a higher energy

200 5('70 5% 7('70 (2.3eV), which is close to the width of the band gég for

A,num nanocrystalline silicon.
The sum-total of these properties indicates that our in-

FIG. 4. Spectral curve of the photoconductivity ofai:H film having an —yestigated films are structurally similar to the films described

enhanced photoconductivity,,/oyg . . . . . . .

in Refs. 2—4: Thea-Si:H matrix contains small-sizénano-
meter-order crystalline silicon inclusions whose boundaries
are passivated in varying degrees by exdasa given depo-

the kinetics of the decay af, accelerates as the hydrogen sition temperatunehydrogen. Since a characteristic band in
P 1 1) for the given films is not

content is increased. On the other hand, for the high-photd® Raman spectr@t ~520 cm ) f , _
conductivity film ey, decreases much more rapidly than theObserved, we conclude that the dimensions of the crystalline

value of o, for standarda-Si:H with the same hydrogen inclusions do not exceed 7 n(Ref. 10. If both phases con-
content. After illumination, however, the value of;, for

tribute to carrier transport processes, the electron lifetime
this film is approximately an order of magnitude higher than

oo}

-6
o s 10 S/cm

25

is found to be far more sensitive than the mobilityto the

the photoconductivity of the standard film. We note thatPresence of nanocrystalline inclusions and also to the degree

similar facts affecting the decay kinetics ofy, in exposure of hydrogen passivation of their boundaries. Hydrogen at the
to light have also been established in studies of high_inclusion boundaries probably forms weaker bonds with Si

photoconductivity film& than hydrogen in the amorphqus .phase; this conj.ecture is
supported by the accelerated kineticsogf, under the influ-
ence of prolonged illumination.

3. DISCUSSION OF THE RESULTS
4. CONCLUSIONS

For films with an enhanced photoconductivity,,/ o4
we now briefly summarize their main properties that differ
from the properties of standaw@dSi:H films (in either case
for AE=0.85-1.1eV):

Hydrogenated silicon films with photosensitivities of the
order of 16, prepared by different technologies in different
laboratories, are new and important objects of investigation.
The primary need from the scientific point of view is for
further research on their distinctive structural characteristics,
and next in priority is the construction of electron-transport
and photoconduction models; obviously the discussion in
Sec. lll is merely phenomenological in character. We note
that a model of electron transport in films containing an
amorphous phase and a crystalline phase is nonexistent at
present! From the application standpoint, films having a
high photoconductivityoy,/ oy are of unquestionable inter-
est for the design of photovoltaic device$.Indeed, despite
the higher “degradation rate” obry,, it still has a higher
value after prolonged illumination than the photoconductiv-

161 ity o for standarda-Si:H. .
We wish to thank Dr. Pere Roca i Cabarrod&sole
3'”# Polytechnique, Frangdor sending preprints.

FIG. 5. Relat ation of the bh ductiving 4/ funcii This work has received support from the International
. 5. Relative variation of the P otocon UCtIVli}ﬁhI Oph as a function gl - . . . .

of the illumination fime ) for W= 100 mW/crd, A< 0.9 um for: (1) films Association for the Promotion of Cooperation W.Ith Scientists
having an enhanced photoconductivitg) standard films. Hydrogen con- oM the Independent States of the Former Soviet UGiiNR
tent: (1) 8 at. %;(2) 4 at. %;(3) 8 at. %. TAS Grant N 931915
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