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The distribution of hydrogen in Si and SiC following high-temperature proton irradiation
(T;x=20—700°Q is studied by secondary-ion mass spectrometry. It is shown that the

hydrogen concentration profile in SiC depends weakly on irradiation temperature. In Si appreciable
alteration of the concentration profile is observed alread¥,gt 300 °C, and the profile

completely loses its concentration gradienTgt=700°C. © 1999 American Institute of Physics.
[S1063-7826900112-X

The methods for the radiation-induced modification ofdeceleration losses stipulated by the charge and mass of sili-
semiconductor materials using proton beams have undergomen and carbon, as well as by the density of the
extensive development in the last decadESemiconductors semiconductor.lt is noteworthy that variation of the irradia-
are irradiated over a broad temperature range in such meth-
ods as proton-stimulated diffusion and doping with radiation
defects! precision separation of layers in semiconductor wa- 1022
fers (the smart-cut technology transmutation dopingand
ion-beam mixing’ One very important factor in these mate- -
rial modification methods is the variation of the depth profile ‘E
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of hydrogen in the semiconductor as a function of irradiation
temperature. Special investigations of this problem have not
been carried out until now.

This paper describes a study of the hydrogen concentra-
tion depth profiles in the basic material and one of the most 1020
promising materials in modern semiconductor electronics, L
viz., silicon and silicon carbide, following irradiatiofim- 100 200 400 600 800
plantation by H™ ions in the broad temperature range from X, nm
20 to 700 °C. Samples of KDB-40 silicon and silicon carbide
of the 6H polytype were irradiated in the accelerator of an
NG-200U neutron generator. The proton energy was 100 1
keV, the beam current density wag®\/cm?, the irradiation
time was 1200 s, and the implanted dose was 14"
cm~ 2. The irradiation was carried out in special devices, . 1021
which permitted establishment and monitoring of the target
temperature during irradiation to withitt5 °C. The hydro-
gen concentration depth profiles were measured using
secondary-ion mass spectromet8iMS).

Figure 1 shows some of the results obtained by us. As is
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seen from the figure, the position of the maximum on the 4

hydrogen concentration depth profile in the irradiated crys-
tals is virtually independent of the irradiation temperature
and is located at a depi=0.9 um in Si andx=0.65um in

SiC for 100-keV protons. The position of the maxima is
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FIG. 1. Distribution of the concentratidiN) in SiC (a) and Si(b) following

determined by the projef:te_d free path of the hyd_rOgen IONS ifradiation with 100-keV protons to a dose ok4.0!cm™2 at various irra-
the semiconductor and is in good agreement with the protoniation temperatures;,, °C: 1 — 20, 2 — 300,3 — 500, 4 — 700.
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tion temperatureT,, in the range from 20 to 700°C has irradiation® the use of high-temperature proton implantation
virtually no effect on the form of the hydrogen concentrationcan sharply lower the defect density in the active layers in
depth profiles in SiQFig. 18, which maintain a “sharp” semiconductor-on-insulator structures, allowing moderation
maximum even in the case of proton implantationTat of the conditions for the postimplantation annealing of the
=700°C. In contrast with SiC, the irradiation of Si leads to radiation defects in such structures, and improving their
appreciable alteration of the hydrogen concentration deptRuality. These merits of high-temperature proton implanta-
profile already atT=300°C (Fig. 1b, and collapse and tion should be displayed especially clearly in the case of
broadening of the maximum on the hydrogen concentratiogilicon carbide, in which the postimplantation annealing of
depth profile toward the irradiated surface are observedhe radiation defects following proton irradiation is one of
These changes intensify with increasing irradiation temperathe key problems in creating silicon-carbide-on-insulator
ture, and the hydrogen concentration depth profile comstructures suitable for device applications.
pletely loses its gradient &t,,= 700 °C (Fig. 1b, curved). We wish to thank R. Sh. Malkovich for assistance in
Assuming that the redistribution of hydrogen during solving the diffusion problems and Yu. A. Kudryavtsev for
high-temperature implantation is caused by a diffusion properforming the SIMS measurements of the hydrogen concen-
cess and is described by Fick’s law, we estimated the diffutration depth profiles.
sion coefficienD of hydrogen using the solution of the Fick ~ This work was carried out with partial support from the
equation for a semi-infinite body with an impermeab|e“Pl’0miSing Technologies and Micro- and Nanoelectronics
boundary? A comparison of the calculated and experimentalDevices” Program of the Ministry of Science and Technol-
data showed that the value Bfin Si under the conditions of 0gy of the Russian Federati¢g@rant 02.04.330.89.1).2
high-temperature proton irradiation is several times smaller
than the values obtained by studying ordinary thermakg. mail: kozlovski@tuexph.stu.neva.ru
diffusion.” For example, the value db in our case forTj,
=300 °C was onlyD=5x10"*2cn?/s, while in the case of
pure thermal diffusiorD>10"'*cm?/s. Such a difference in | . _

. . . . . I. V. Vasil'eva, G. A. Efremov, V. V. Kozlovski V. N. Lomasov, and
the values of the_ QIfoSIOH coeff_|C|en_t of H in Si is probably V. S. Ivanov, Radiation Processes in the Technology of Materials and
due to the sensitivity of the migration of hydrogen to the structures for Electronicfin Russiaf, Energoatomizdat, Moscow, 1997.
presence of defects in the crystal structure of the semiconZM. Bruel, Electron. Lett31, 1201(1995.

fat . 3L. F. Zakharenkov, V. V. Kozlovskj and B. A. Shustrov, Fiz. Tekh.
ductor caused by the radiation damage appearing as a resultoluprovodnza 3 (1992 [Sov. Phys, Semicond, 1 (1992].

of proton 'mpl_amat|0n' . ) 4Surface Modification and Alloying by Laser, lon, and Electron Beams
In conclusion, we should note the considerable practical edited by J. M. Poate, G. Foti, and D. C. Jacobf@lenum Press, New
interest in the results which we have obtained. Our studies York, 1983; Mashinostroenie, Moscow, 1987 _
demonstrate that the buried layers saturated with hydrogen mftgf‘;“?\;‘ar‘g Hcﬁr%igazsglldﬁsRW'/t:‘risf;"'grS] daF”dFlir‘gaecfudrgegrebsé
Si and SiC crystals can be formed at elevated irradiation New York, 1991; Vysshaya Shkola, Moscow, 1394 '
temperatures. These temperatures can be as high,as °E.D. Gornushkina, V. A. Didik, V. V. Kozlovskj and R. Sh. Malkovich,
=300 °C for silicon, while they can exceed 700 °C for sili- (Fli;égi]akh- Poluprovodr25, 2044(1991) [Sov. Phys. Semicon@5, 1232
con Carb_lde' Th_e use of Su_Ch hlgh-temperatqre _prOton-’S. J. Pearton, J. W. Corbett, and M. Stavdtydrogen in Crystalline
|m_plantat|qn regimes is promising for the_ fabrication of semiconductoréSpringer-Verlag, Heidelberg, 1992. 225.
silicon-on-insulator and silicon-carbide-on-insulator struc- V. S. Vavilov, B. M. Gorin, N. S. Danilin, A. E. Kiv, Yu. L. Nurov,
tures using the smart-cut technology. Since raising the irra- a_nd V. I ShakhovtsovRadiation Methods in Solid-State Electronics
e ... _[in Russian, Nauka, Moscow, 1990.
diation temperature sharply reduces the number of radiation

defects introduced into the semiconductor during protorranslated by P. Shelnitz
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The low-temperature synthesis of ZnGd# a solid-phase reaction is carried out for the first
time, and photosensitive heterostructures based on it are obtained. The spectral
dependences of the photoluminescence of the crystals and the photoconversion quantum
efficiency of the heterostructures are investigated. Conclusions regarding the prospects of the
new technology for improving the optical quality of ZnGe&e drawn. ©1999

American Institute of Physic§S1063-7829)00212-4

Expansion of the list of diamond-like substances in ac-erally rough, and individual crystallites measuring about 0.2
cordance with the rules proposed by Goryunova for their<0.2 mm in the form of elongated prisms can be discerned
formatior? has led not only to the formation of a large on it. Both the layers and individual crystallites comprise a
arsenal of new semiconductors with fundamental parameteksingle entity with the substrate. When the wafer surface is
having a broad range of variation, but also to the disclosurélluminated after completion of the solid-phase reaction, the
of areas of application, where ternary and more complicatedrystals formed reflect light as microfragments of a single
compounds no longer experience competition on the part afrystal. This means that the spatially separated crystals
their simpler analog¢Ge, Si, 1lI-V, etc). One of the most  formed during the solid-phase reaction of germanium with
important results of the investigations of multielement matethe vapor phase comprise a system that is oriented identically
rials was the discovery of record-high values of the nonlineagg the substrate.
polarizability in some ternary compounds with a chalcopyrite > x_ray diffractometric measurements reveal weak re-
lattice, which immediately placed them among the elitefigctions from tiny crystals grown in a definite technological
nonlinear-optical materiafs! There has recently been a regime along with the strong reflections of the Ge substrate.
surge of interest in such crystals, high laser-radiation fréTpe jntensity of the reflections is determined to a consider-
quency conversion efficiencies have been demonstrated eXpe extent by the accommodation density of the crystallites
perimentally, and a further search for methods to improvey,q gepends on the conditions under which the solid-phase
their optical quality has simultaneously been condu€fed. ooction is carried out. Estimates of the Bragg angles and the

This paper focuses on this area of research and reports thejoniation of the reflecting planes of the crystals grown on
first results of experimental measurements of the eIeCtron'ﬁermanium provide some basis to claim that ZnGRms

properties of crystals of one such material, viz., Zn&efd in the processes that we carried out. The majority, if not all,

photosensitive structures based on it, which were obtained bgf the ZnGeR crystals are oriented so that th€lrl2) crys-
a new synthesis method at temperatures significantly belo

the congruent melting point of the compound \fvallographic plane coincides with the substréidl) plane,
1. The new method for synthesizing ZnGeB based on and theg[111] direction in it coincides with one of the equiva-

the solid-phase reaction of germanium with a vapor phase d‘e_nt directions in the(112)Ge substratef112], [122], or
controlled composition. Germanium wafers with tiery) — [211].

crystallographic orientation served as the starting material It was also established as a result of the experiments
for synthesizing the ternary phosphide. The reaction takeBerformed that under certain conditions the solid-phase reac-
place as a result of the thermal treatment of the germaniuriion also permits the synthesis of continuous layers of
wafers in vapors of zinc and phosphorus in the stability reZnGeR with thicknesses up to 2m. According to the x-ray
gion of the solid phases of Ge and ZnGeFEither a con- Mmeasurements, such layers have a polycrystalline structure.
tinuous layer of the compound or individual faceted crystals 3. Substrate/ZnGeFheterojunction structures were cre-
are created on the surface of the Ge wafers by varying thated to study the photoelectric properties of the crystals and
parameters of the solid-phase reaction. Under illuminatioayers which we obtained. The substrates used \peyge

by white light, they differ in color from germanium and are germanium with a resistivityp~1Q-cm at T=300 K. Ac-
similar to ZnGeR. The outer surface of such layers is gen-cording to the data from thermopower measurements, the
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FIG. 1. Stationary current-voltage characteristic of a ZnG€R structure
at T=300 K. The direction of current flow corresponds to negative polarity
of the external bias on ZnGegP

10

ZnGeB layers exhibit hole conductivity, which is typical of
bulk ZnGeR crystals grown from a melt by the traditional
method of directional solidificatiof’

The Ge/ZnGePheterostructures which we obtained dis-
play clear-cut rectificationiFig. 1). The direction for current
flow in such structures corresponds to negative polarity of
the external bias on ZnGgPand the forward branch of their
stationary current-voltage characteristics in the voltage range
U>0.7 V obeys the relation

I=(U-Up)/R;, oY)

) L
where the cutoff voltagebl ;=0.5—-0.6 V, and the residual 2.0 3.0

resistanceR, ~(1—5)x 10'Q) at T=300 K. Estimates of the
resistivity on the basis of the values Bf obtained for such
heterostructures, with consideration of the fact that the reFIG. 2. Spectral dependence of the relative photoconversion quantum effi-
sidual resistance is determined mainly by the resistance fency of ZnGep/Ge structuresl — sample 1-12 — sample 2—1and
the new phase that is formed, giye= 108—10°Q) - cm for ?/_Z;(%e:% structures(3 — sample supplied by Lockheed Sandees
different samples. According to the valuemfthe compound '
synthesized also corresponds to the known data for bulk
ZnGeBR crystals grown by the traditional method from a
melt. It is also noteworthy that at reverse biakes2 V the  ready found application in the creation of nonlinear-optical
reverse currents in the heterostructures do not exceetbnverters of laser radiatiohlt is seen that the spectral de-
5x10° A at T=300 K. pendences of; for the structures compared are close to one
When the ZnGep/Ge heterostructures are illuminated another in the spectral region corresponding to the funda-
from the ZnGeP side, they usually exhibit a broad-band mental absorption of ZnGgP This provides additional evi-
photovoltaic effect. The ZnGePlayer is then negatively dence that the use of the solid-phase reaction permits synthe-
charged, in accordance with the rectification direction insis as a result of the interaction of one of the components of
such heterostructures. Photosensitivity dominates when the ternary phosphidéGe) with the other two components
heterostructures are illuminated from the side of their broadsupplied from the vapor phase. It also follows from the spec-
band component, and it reaches 200 V/MI'at300 K inthe  tra of » (Fig. 2) that the heterostructures obtained can be
best of the heterostructures. employed as broad-band photodetectors in the range from
Figure 2 presents typical plots of the spectral depen2.5 to 3.3 eV, which, in addition, are essentially “blind” to
dence of the relative photoconversion quantum efficiency radiation at photon energiggo<<2.2 eV.
for heterostructures consisting of an individual ZngeR/s- It also follows from Fig. 2 that the drop i athw<<2.2
tallite on Ge(curve 1) and a layer of ZnGePon Ge in eV is sharper for the heterostructures obtained by the solid-
comparison with the spectrum af for an In/ZnGeR struc-  phase reaction than for the structures based on ZpGeP
ture fabricated on the basis of a ZnGedingle crystal grown single crystals grown from a melt. With consideration of
from a melt of stoichiometric composition, which has al- Refs. 10—12, this drop i may be evidence that the signifi-

ho, eV
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FIG. 3. Spectral dependence of the intensity of
the stationary photoluminescence of ZnGeP
crystals grown by the solid-phase reactidn-3
and1’) and by directional solidification of a melt
of stoichiometric compositiori4 and 4’) (1 and

1" — sample 1-12 — sample 1-33 — sample
1-4,4 and 4’ — sample supplied by Lockheed
Sandersfiwg,=3.7 eV.T, K: 1-4 — 77,1" and

4’ — 300. The spectral resolution is no poorer
than 1 meV.

I, abr. units

ho, eV

cant lowering of the synthesis temperature of ZngGisPac-  half-maximum are fairly high:5;~0.30-0.35 eV and?,
companied by a drop in the concentration of the lattice de=0.47 eV. This finding indicates that they are not elemen-
fects responsible for photosensitivity in the near-edgdary bands.
spectral region atw<<2.2 eV. Scanning a ZnGePsurface by a focused PL-exciting
4. The spectral dependence of the stationary photolumiprobe(with a diameter of about 0.2 mmevealed that the PL
nescencéPL) was also investigated in the ZnGe®amples spectra are faithfully reproduced from point to point along
synthesized for the first time by a solid-phase reaction. Théhe surface of the microcrystalline layers. This finding points
recombination luminescence was excited by the output of anut the high uniformity of the layers with respect to their
argon laser X ..=448 nm, which is strongly absorbed in luminescence properties. In the case of the samples in which
ZnGeB, atT=77 and 300 K. The spectral resolution was noa system of tiny, spatially separated ZnGefystals is dis-
poorer than 1 meV. Typical plots of the spectral dependencpersed in a thin, finely crystalline layer, the PL intensity of
of the PL for ZnGePR crystals obtained by the solid-phase this layer in the vicinity ofzw, is 1-1.5 orders of magni-
reaction and grown from a melt are presented in Fig. 3. Théude smaller than the PL intensity of single crystals. Figure 3
principal results of these investigations are described below(curve 1-3) shows examples of the variation achieved in the
The plots of the spectral dependence of the PL of all theatio between the intensities of the short- and long-
ZnGeBR samples obtained by the solid-phase reaction ara&vavelength PL components. The brightest short-wavelength
similar to one anotheffig. 3, curvesl-3) and usually con- PL was obtained specifically when single-crystal formations
sist of two broad bands at 77 K: a long-wavelength bandvere excitedFig. 3, curvel). The PL spectrum of ZnGgP
with a maximum athw,; and a short-wavelength band at single crystals grown from a melt of stoichiometric compo-
fw,. The energetic position dfw; for the reaction condi- sition (Fig. 3, curve4) also includes two components®®
tions employed ranges from 1.29 to 1.33 eV, while the valueHowever, in this case the long-wavelength band is blue-
of w, for all the samples essentially coincides and isshifted relative to the band for the material obtained by the
roughly equal to 2.0 eV. The widths of the PL bands atsolid-phase reaction, while the short-wavelength component
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FIG. 4. Spectral dependence of the intensity of the stationary PL of ZnG&gBtals on pump power at 77 Kife,=3.7 eV.1-3 — sample 1-14 and
5 — sample 1-5P/Py: 1and4 — 1,2 — 0.7,3 and5 — 0.1.

at i w, is significantly weaker. For this reason, the photolu-  Figure 4 presents plots of the spectral dependence of the
minescence of the material obtained by the solid-phase rea®L as a function of the pump power for a single crystal and
tion is visually displayed in the form of a bright orange Iu- a microcrystalline layer of ZnGePobtained by the solid-
minescence band, while the luminescence intensity of thphase reaction. As the pump powRiis increased, the con-
crystals obtained from a melt at the same excitation level igribution of the short-wavelength PL component intensifies
so weak that it is not manifested visually. (Fig. 4, curve 1-3), and the maximum of the long-

As the temperature is raised to 300 K, the short-wavelength band at w, undergoes a red shift. The pump
wavelength component becomes dominant in the PL spectiower also has a similar influence on the long-wavelength
of the samples comparéHig. 3, curvesl’ and4’) due tothe PL band in samples where the latter is decisi¥ég. 4,
faster quenching of the long-wavelength band with temperaeurves4 and 5). In fact, in such samples the maximum at
ture. In both types of samples the PL band3 &300 K are 7w, and the wing of the band itself undergo red shiftsPas
broadened relative to the bands at 77 K, and their widthis increased. These laws allow us to assign the long-
reaches 6,~0.54 eV in the crystals obtained by low- wavelength PL component to donor-acceptor transitions,
temperature synthesis add~0.64 eV in the crystals grown while the short-wavelength component can be assigned to
from a melt. These data once again reflect the nonelementaguasi-interband photoluminescent transitions of electrons
character of the short-wavelength PL component. The feafrom the lower minimum of the conduction band to the split
tures indicated in Fig. 8curvel1’) coincide with the values subbands of the valence bahd.
of the energies of the pseudodirect interband transitions of Thus, the results presented from the first investigations
electrons from the lower conduction band to subbands of thef the electronic properties of crystals and structures ob-
valence band split by the anisotropic crystal field and spintained by a solid-phase reaction point out the improved per-
orbit coupling® This is the primary manifestation of the non- fection of the ZnGepcrystals in comparison to the crystals
elementary character of the short-wavelength PL band awhich are still grown from a melt by the conventional
T=300 K. It is significant that in the case of the crystalsmethod of directional solidificatiof®
grown from a melt(Fig. 3, curve4’) the maximum ati w,
undergoes a red shift amounting 4610 meV, which may
indicate the decisive role of centers with shallow levels in
the photoluminescence of such crystals, as is confirmed im——
the spectra -Of” (Fig. 2, curves). - - IN. A. Goryunova, lzv. Akad. Nauk SSSR, Ser. F24, 120 (1957.

.The. PL |nten§|ty at the tgmperaturgg mve;ngated dI’OpS‘?F. P. Kesamanly’ and Yu. V. Rud’, Fiz.7Tekh. Poluprovo@, 1761
rapidly in the region of the direct transitions in the spectra (1993 [semiconductorg7, 969 (1993].
(Fig. 3 of both the crystals obtained by the new method and3N. A. Goryunova, S. M. Ryvkin, I. M. Fishman, G. P. Shpen’kov, and
the Crysta|s grown by the traditional high_temperature l. D._Yaroshetsldi Fiz. Tekh. Poluprovodn2, 1525(1968 [Sov. Phys.
me.thod of directional sc_)lidificatio:?l? prec[uding the obser- 4\8/?n|;|.cgr;gfﬁull<zh7azn(1::c? ]\.(u. V. Rud', Fiz. Tekh. Poluprovodr, 209
vation of luminescence in the region of direct interband tran- (197g [Sov. Phys. Semicond.2, 121 (1978].
sitions. 5M. C. Ohmer and R. Pandey, MRS Buli3, 16 (1998

*)E-mail: rudvas@uniys.hop.stu.neva.ru
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The behavior of manganese impurities ingHgTeg is investigated. The carrier concentration
remains considerably smaller than the impurity concentration in the doped crystals. The
introduction of manganese into klg,Teg does not alter the position of the Fermi level, which is
located near the middle of the band gap of the material. The electrical conductivity remains
intrinsic down to 150 K. It is shown that manganese exists in thé'NiBd®) charge state in the
Hgsln,Teg lattice and does not lead to the appearance of new chemical bonds in the host,
but does influence the short-range structure. WKgR<9.2x 10°cm™ 3, Hggln,Te; has higher
values of the carrier mobility than does the undoped material. 1999 American Institute

of Physics[S1063-78269)00312-9

The interest in the study of Hn,Te; is due to its prop-  from In,Te; in that some of the indium atoms are replaced
erties, which are advantageous for practical use: its googly mercury atoms, viz., the compound JHgTeg, in which
photoelectric characteristics, the heightened stability of itshe structure of the energy bands is direct and the gap width
parameters toward the effects of ionizing radiation, the elecg, at T=300 K is 0.74 eV. The purpose of this work is to
trical inactivity of impurities added to it, efcThe unusual obtain results which would supplement the available infor-
properties of Hgin,Te; are associated with the presence of amation and help to elucidate the features of the properties of
large number €2.7x 10?2 cm™3) of vacant cation sites, or impurity centers in Hgn,Te;.
so-called stoichiometric vacancies, in its sphalerite structure. Manganese was selected as the impurity, since its pres-
The presence of stoichiometric vacancies in semiconductorsnce in a crystal can be detected by studying the impurity
classified as defect-containing structures of th&ég type is  magnetism. Crystals of H,Te;, which were doped with
due to the satisfaction of crystal-chemical conditions whichmanganese during growth by the Bridgman-Stockbarger
result in the number of cations in the stoichiometric compo-method, were used in the experiments. The concentration
sition being less than the number of anions. The specifitNy,, of the impurity introduced into the mixture varied in the
features of the crystal structure which distinguish semiconfange 5< 10— 107 cm 2. X-ray powder diffraction analy-
ductors with stoichiometric vacancies from II-VI, IlI-V, sis showed that all the bars grown were homogeneous. The
and IV-=VI compounds include not only their radiation sta-series of distinct diffraction lines on the x-ray diffraction
bility, but also the considerable solubility of the impurities patterns correspond to a sphalerite structure with a lattice
and their intrinsic conductivity over a broad temperatureparameter foNy,<10°cm™2 equal toa=6.289+ 0.001 A,
range. Various models have been used to account for thehich scarcely differs from the corresponding parameter for
absence of impurity conduction in doped,Tie;. Koshkin  undoped samples. However, when the amount of manganese
et al? proposed a thermodynamic model of the dissolution ofintroduced was increased, the lattice parameter increased to
impurities, according to which the impurity atoms are local-a=6.294+0.001 A atNy,,=5x% 10°cm 2.
ized in stoichiometric vacancies in the unionized state and The experimental data on the magnetic susceptibility
therefore do not make a contribution to the electrical conducfFig. 1) provide evidence that the temperature dependence of
tivity. The opponents of this modf claim that the impuri-  the paramagnetic contribution of the manganese impurity to
ties introduced into the crystal dissolve in stoichiometric va-the magnetic susceptibility is described by the Curie®law
cancies and that they do not exist in the neutral state, but
exhibit their own characteristic valence. The electrical inac- XMn:NMn,LLZBQZS(S+ 1)(3kT) 1, @
tivity of metal impurities is then attributed to stabilization of
the Fermi level resulting from the fact that the impurity shifts where ug is the Bohr magnetor§ is the spin, and) is the
trivalent indium (in In,Te;) into another stable state. How- Lande factor. The observed course of the functiqm:
ever, the intrinsic character of the conductivity in,Te; =f(T) indicates that exchange interactions between the
does not rule out the possibility for the existence of localmagnetic impurities in Hgn,Te; are not manifested within
levels in the band gap. As was shown in Ref. 5, band-gaphe range of values dfl,, investigated. The mean concen-
states entirely determine the photoelectric properties ofration of manganese ions determined using fornflilavith
doped IBTe;. S=5/2 andg=2 for samples from different parts of a bar

In the present paper we report the results of an ongoingoincides satisfactorily with the concentration of manganese
investigation of the state and behavior of impurities in aintroduced into the mixture. Therefore, the manganese in the
semiconductor with stoichiometric vacancies that differsHgsln,Teg lattice exists in the MA"™ (3d®) charge state and

1063-7826/99/33(12)/4/$15.00 1272 © 1999 American Institute of Physics
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FIG. 1. Temperature dependence of the impurity magnetic susceptibility Y, cm-?

for various values oNy,,, 10°cm™2:1—4.1,2—6.2,3—9.2,4 — ) o
)1(5"” Mn FIG. 3. Far-infrared transmission spectra of undofiBdand manganese-

doped Hgln,Te; with various values oNy,, 100°cm 3.2 —1,3—5.7,
4 — 12,5 — 50. The maxima of the absorption bands in the vibrational

. . . . . . ectra are markeee Table)l
is thus an isovalent impurity. This can occur in the case of” o )

replacement of the highly volatile component Hg by Mn in
the host lattice.

Figure 2 presents the distribution of the manganese co
centration along bars with various values of the initial impu-
rity concentration in the melNy,,. The concentration pro-
files obtained can be described by the following equdtion
with the effective distribution coefficiety=1.4:

fional modes of interatomic bonds are observed in the fre-
quency range investigated. Doping does not lead to the es-
tablishment of chemical bonds in addition to those already
present. However, as can be seen from Table |, the material
“senses” the presence of manganese already at a doping
level of 10°cm™3, as is evidenced by the transformation of

Nyin= KefiNgyn(1— ke 1, (2)  the vibrational characteristics of the spectrum. The first and
second high-frequency absorption bands at 176 and 164
cm™ 1, which correspond to the shortest and strongest bonds,
fdo not react to the specific impurity concentration and re-

wheref is the fraction of the melt crystallized. A value of the
effective distribution coefficienks>1 means that the im-

urity does not experience any ‘“‘resistance” on the part of”"- | )
purity ’ y P main unchanged up tbly,,=5x10?°cm 2. The third and

the host during crystallization and is drawn from the meltf h band hich ianed h ker bond
into the solid phase. In this case the form of the concentra2U"th bands, which are assigned to somewhat weaker bonds,

tion profiles(Fig. 2) is determined by the chemical interac- at first ‘Qihlift from their original frequency values of 154 and
tion between the host and impurity atoms. 120 cm * to lower energy values, and then Bf,,=1.2

The influence of the impurity on the short-range struc-" 10*cm”* they undergo shifts to higher values of the bond

ture was investigated by far-infrared spectroscopy. The infra$eray- The latter are accompanied by broadening of the

red (IR) transmission spectra obtained at 300 K are shown iI@bsorption bands. The direction of the frequency transforma-

Fig. 3. Four IR absorption bands corresponding to vibra-ion of Fhe absorption bands reyeals thaF the mma} slight
weakening of the least strongest interatomic bonds gives way

to strengthening as the impurity concentration rises. The ob-
served systematic displacement of the band with the lowest
frequency as a function of the doping level attests to alter-
ation of the short-range structure in tigpTeg(Mn) crystals.

TABLE |. Frequenciegin cm™?) corresponding to the maxima of the ab-
sorption bands in the vibrational spectra ofthgTes as a function of the
manganese doping level.

: Ny, cm 3 Band 1 Band 2 Band 3 Band 4
] 1 ] 1
0 0.2 0.4 0.6 0.8 1.0 0 180 166 154 120
f, arb. units 10 176 164 152 119
5.7x 10 176 164 151 119
FIG. 2. Distribution of Mn impurity atoms along Him,Tes bars (pointg 1.2x10%° 176 164 153 122
and calculated concentration profilelid lineg for kes=1.4 and two val-  5x 107 176 164 156 125

ues of the initial concentratioNS,,, 10*°, cm %: 1 — 5,2 — 10.
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FIG. 5. Temperature dependence of the electron mohiljfyfor the same

. . . . . amples as in Fig. 4.
The investigations of the electrical properties showed™"" 9

that the presence of manganese inglHgIe; crystals does

tr;cc::]a(lrt]ir:ellggzrt:g Z{) go%oréd,uvcvtr;ci)ghorretmhgi:Salégog::de;rtsra tureosl.9 Orllg at large manganese co'n.centratidhﬁn(EQ.zl

of magnitude below the concentration of the impurity intro-><1 cm ) does the electrgn mob|I|Fy decrea}se at high
duced. As the temperature is lowered, the resistance of all thtgmperatures becaus_e of the increase in scattering on the lat-
samples increases rapidly, making it difficult to perform low- t|_ce defe_c _ts. _The variety qf temp(_a_rature dependences of car-
temperature T<150 K) measurements. Appreciable de- rier r_nob|llt)_/ in Hgsln,Teg is specified by the values of the
creases in the slopes of the plots of the electrical conducti\):nObIIIty ratio b(T).

ity log o(T) and the Hall coefficient lo8y(T) were observed In fact, at low temperatures larger values,af and u,

as the temperature was lowered for both undoped and dop%é)rrespon?btg srr}aller valuei off tht(; HlaII molbllyw.. Th(:t“
samples. It would be tempting to attribute the low ecrease = un/u, accounts for the low values o, a

temperature portions of the(T) and Ry(T) curves to im- low temperatures and its stronger temperature dependence,

purity conduction. However, an analysis of the experimental

plots of o(T), Ry(T), and the thermoelectric powet(T)

using the model of a semiconductor with mixed conduction

showed that these kinetic coefficients can be described 200
within the intrinsic conduction using the standard form(las

n;=(NcN,)*exp — E4/2kT), (3)
o=enub (1+b), Ry=e 'n *(1-b)(1+b) 1, 150
a=(ap—ayb)(1+b)~ %, (4)

wheren;=n=p is the concentration of intrinsic charge car-
riers, N, and N,, are the effective densities of state in the
conduction and valence bands,(«,) is the electror(hole)
thermopower, andb= u,/u, is the ratio between the elec-
tron and hole mobilities. In the relatiorid) the Hall factor
was assumed to be equal to unity, which is justified in our
case, since the mechanism of scattering on neutral stoichio- 50
metric vacancies is significant due to the high concentration

of stoichiometric vacancies. It was found that the mobility

ratio b= u,/u, depends on temperature for all the samples

(Fig. 4. The temperature dependencesugfandu, (Figs. 5 0 L L 1
and 6 obtained on the samples with different impurity con- 200 73_'UUK %00
centrations showed that up to certain concentrations the im- ’

purity not only does not d.iminiSh the mOb?"ty of the carriers, g, 6. Temperature dependence of the hole mobiity for the same
but, instead, leads to its increase, especially at low temperaamples as in Fig. 4.
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since wp= n— fp iN an intrinsic semiconductor. The gen- Mission (T=50-55% in the wavelength ranga=2—-25

eral increase in carrier mobility is evidence that the materiaum. Manganese doping does not alter the character of the

becomes more perfect when manganese is introduced up 1d\) curve, but it decreases the value of the transmission at

certain concentrations. The Fermi le®(T) was calculated Nwn=10?°cm~. The impurity light absorption observed

using the relatioh F=—kT/In(n/N.). The observed beyond the edge of the fundamental band, which does not

temperature-dependent behavior of the Fermi enBidy) is  have any structure, is evidence that the scattering intensity

characterized by a dependence that is consistent with théoes not depend on wavelength and is proportional to the

formulaF = — Eg/2+ (kT/2)In(N, /N), which is valid foran ~ impurity concentration.

intrinsic semiconductor. SincBl,<N,, the Fermi level is Thus, the mechanism underlying the doping of

slightly above the middle of the band gap. Hgsln,Teg, in which Mn atoms enter into the host lattice in
As follows from the data obtained, the kinetic coeffi- the form of Mrf* ions by displacing mercury atoms into

cients of both the samples with the impurity and the sample§toichiometric vacancies, is accompanied by a self-

without it behave in a manner characteristic of heavily com-compensation effect. As the temperature is lowered, the con-

pensated semiconductors. The special features observed 4héctivity displays an intrinsic character down to 150 K. The

attributed to the nature of the material itself. The number ofelectrical inactivity of the manganese impurity ions is attrib-

stoichiometric vacancies is so great that variation of the forntited to stabilization of the Fermi level near the middle of the

of the principal bands of the crystal with the resultant appearband gap, rather than their chemical inactivity.

ance of density-of-states tails on these energy bands occurs

with preservation of the band structure in the energy spec-

trum even in the absence of special doping. The presence of

such tails, which are associated with a large number of sto1G. G. Grushka, A. P. Bakhtinov, and Z. M. Grushka, J. Adv. Madét),

ichiometric vacancies, is indicated by the exponential spec- 36 (1999. . .

tral dependence of the absorption coefficient, which is speci- zfe“:{n';?;ggn'sgbﬁg';%egi’v ar;dh; VS' 3;&0;‘;[262'2%6?13 62’]”" Tela

fied by optical transitions involving the density-of-states tails 3; 5 prabkin and B. Ya. Mazhes, Fiz. Tekh. Poluprovodri5, 625

in the Urbach region of the fundamental absorption tge. (1981 [Sov. Phys. Semicond5, 357 (198D)].

Introduction of the impurity in amounts which are sure to be “F. S. Nasredinov, V. P. Podkhalyuzin, P. P. Seregin, H. U. Tschirner,

smaller than the number of intrinsic structural defects cannot ?hfse'}fifﬁ{c 22323' E;;'gigégfekh' Poluprovod, 1166(198 [Sov.

significantly alter the spectrum of allowed states near thesp g ananina, V. L. Bakumenko, A. K. Bonakov, G. G. Grushka, and

edges of the energy bandsE& E, andE>E, and lead to L. N. Kurbatov, Fiz. Tekh. Poluprovodrl3, 961 (1979 [Sov. Phys.

the appearance of impurity conduction. This feature is a_Semicond13, 561(1979].

. . : . . . SPhysics and Materials Science of Semiconductors with Deep Levels
manifestation of the screening of the impurity potential. The _ - by V. I. Fistul[in Russiaf, Metallurgiya, Moscow, 1987.

leading role in the screening can be played by the stoichio7g. v. kuchis, Galvanomagnetic Effects and Methods for Studying Them
metric vacancies themselves, whose lone pairs can create afin Russiai, Radio i Svyaz’, Moscow, 1990.
additional electric field. 8D. B. Anan'ina, V. L. Bakumenok, A. K. Bonakov, G. G. Grushka, and
. . V. L. Kheifets, Izv. Akad. Nauk SSSR, Neorg. Matd6, 1534(1980.
The transmission spectra of undoped samples in the

transparency region are characterized by structureless trarneanslated by P. Shelnitz
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Photoelectric properties of Hg ;_,Cd,Te single crystals grown from the vapor phase
S. S. Varshava and I. V. Kurilo

“L’vov Polytechnic” State University, 290013 L'vov, Ukraine
I. S. Virt and D. I. Tsyutsyura

Drogobych State Pedagogic Institute, 293720 Drogobych, Ukraine
(Submitted April 5, 1999; accepted for publication April 26, 1999
Fiz. Tekh. Poluprovodr33, 1420—-1422December 1999

The electrical and photoelectric properties ofyHOd, gTe crystals grown by chemical vapor

transport are investigated experimentally. The temperature dependences of the carrier concentration
and mobility are determined. The photoelectric properties of these crystals fit a model based

on the existence of fast and slow recombination centers1989 American Institute of Physics.
[S1063-78269)00412-3

The number of publications on the properties of synthesis of structurally perfect single crystals. The elemen-
Hg; _,Cd, Te crystals with a large CdTe content>0.5) is  tal composition of the solid solution was determined by a
fairly small. There have been reports on the technology folComebax x-ray analyzer at 20 points along the sample. The
growing such crystals’ and on the contact phenomena ap-CdTe contenk varied within 0.01, and no inclusions of other
pearing at the boundary between a metal and the broad-bamthases were found.
semiconductor Hg ,Cd, Te (x>0.5). The electrical and es- The Hall coefficientin a magnetic fieldd=1 kOeg and
pecially the photoelectric properties of crystals having thethe electrical conductivity were measured in the temperature
compositions indicated above have been studied extremehlange 306-77 K. The surface of each sample was chemi-
inadequately, principally because of the difficulty in obtain-cally polished in a Br—CEDH solution. Contacts were ap-
ing homogeneous crystals wikt» 0.5 by the classical Bridg- plied by sputter-depositing Au with patching by indium sol-
man or liquid-phase epitaxial methods. der. The stationary photoelectric properties were investigated

In this paper we present the results of an investigation ofising an ISK-21 spectrometer with an F1 prism, and the
the electrical and photoelectric properties of ;HgCd,Te  nonstationary properties were studied using a pulsgthdér
(x=0.9) single crystals grown from the vapor phase. We(with a wavelength of 0.33wm) and a pulsed GaAs-based
have synthesized the compounds in advance from elementight-emitting diode(with a wavelength of 0.9:m).

Cd, Hg, and Te. We have then synthesized platelike single The samples with the compositions indicated exhibited
crystals measuring 2010X10 mm by chemical vapor trans- p-type conductivity over the entire range of temperatures
port in a closed Hg ,Cd, Te—NH,Br system with tempera- investigated. The hole concentration was determined as
tures in the source and crystallization zones equal to 953 ang(T) =1/eR(T), wheree is the charge of an electron, and
833 K, respectively. Such crystallization regimes permit the

- 1700 [
e 1000f {7000

S

@ - 80+
%, 100F 100 _ ®

0 o <

.~ 10F 110 E 8
k” -~ -~ 40 =
R 9 2
N s >

2 1r 17

~ ZU -

SN

L ] 1 1 ]
07— 6 8 10 12 u’! ’ . | : :
10°/T, K7 600 800 1000 1200
A, nm

FIG. 1. Temperature dependence of the concentrati¢b), the electrical
conductivity ¢ (2), and the Hall mobility Ryo (3) for a sample of  FIG. 2. Spectral dependence of the photorespddgeof a sample of
2Hgy CdyqoTe. Hgy:CdyoTe at 77 K.
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FIG. 3. Dependence of the photorespobiggat a wavelength of 0.g&m on
the excitation intensityr for a sample of Hg,CdyoTe.

R(T) is the Hall coefficient. The carrier mobility,= oR at

T=77 K was 400 cr/(V-s), and the carrier concentration

varied in the rang@= 10— 10'*cm™ 3 from room tempera-

ture to liquid-nitrogen temperature. The growth of flg/pe
concentration with temperatu(Eig. 1) is specified by a ther- U

mally activated process with an enerBy, =54 meV in the

temperature range 3M0 K, and thep(T) curve reaches o

saturation aff<90 K. In this temperature range the carrier 3
mobility varies according to a power law,~ woT 2, which g

points out the decisive role of the phonon scattering mecha-

nism.

The spectral dependence of the photorespahgé\) at
77 K (Fig. 2 has a maximum at the wavelengtk-780 nm,
and the gap width determined from half of the decline of the / N
long-wavelength edge &,;=1.45 eV. In the surface excita-
tion region(at Ad>1) the photocurrent depends weakly on T T T T S
\, and its substantial valu@ompared with the peak value t
attests to the Small densny of surface states. The I,mpur|t¥|G. 5. Oscillograms of the variation of the photorespodseith the time
photocurrent exists up to a wavelength of 1250 nm; i.e., thg¢y, 4 Hg, 1Cdy gTe sample at 77 K1, 2) and of the infrared photoconduc-
impurity level is located at a distanég,=0.45 eV from the tivity quenching procests, 4). 1 — exciting pulse duration equal to 10 ns,
A=0.33 um; scales:U=2 mV/division, t=20 us/division.2 — exciting
pulse duration equal to 1 m&=0.9 um; scales:U=1 mV/division,t=1
usldivision.3 — without infrared illumination4 — with infrared illumina-
tion atA=1.1 um; scalesU=5 mV/division,t=20 us/division.

2

t
H i 1. Il 1 { 1 1 i 1
t

3
(=3
TTTY
IS I I R TT1 R

>
E edge of one of the allowed bands. The brightness-voltage
o characteristic for excitation at the maximum of the spectral
= characteristic has a sublinear character at high excitation lev-
els: Up~F%3 whereF is the radiated powefFig. 3. The
analysis of this dependence was described in detail in Ref. 3,
based on a model of the variation of the ratio between the
1 1{ L L L 7 concentrations of recombination and attachment centers for

ul
J 3 10 12 14 the nonequilibrium carriers as a function of the level of illu-
10°/7, K mination.

T, ps

T T T

st i

FIG. 4. Temperature dependence of the characteristic photoresponse relax- In most cases with excitation of the s_amples by short
ation timesr of a Hg, 1Cch Te sample for the slow?) and fast(1) compo- 19t pulses(10 n9 t_he photocurrent relaxation curves have
nents -, andry), as well as of the amplitude of the photorespobsg(3). two components, viz., a fast component£10 ° s) and a
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slow component £,=10* s) (Fig. 4). The temperature de- attachment centers, which strongly influence the relaxation

pendences of the slow components pass through a maximuprocesses in crystals of the compositions under

in the temperature range 26050 K with an activation en- consideratior.

ergy Ei;=70—110 meV in different samples. The course of The proposed scheme of recombination phenomena

the stationary lifetime of the nonequilibrium carriers( qualitatively explains the temperature dependences of the

~Upc/ up) exhibits a sharp drop at low temperatures, attestphotoconductivity relaxation processes in;HgCd,Te crys-

ing to the asymmetry of the electron and hole capture rategals with high values ok.

This provides some basis to assume that in the case of exci-

tation by short pulses, recombination of the nonequilibrium | , ,

carriers, like the recombination observed in CdTe crystals, is gégil\g;ha"a' A.'S. Ostrovs'ka, and G. M. Potapchuk, Ukr. Fiz3Bh.

controlled by fas(s) and slow(r) center$ (Fig. 5, curvel). 2"y kurilo, S. P. Paviishin, S. N. Bekesha, G. A. I'chuk, and Yu. G.

When the sample is illuminated by long puldés ~1 us), Akhromenko, Izv. Akad. Nauk SSSR, Neorg. Mat28, 228 (1987.

On'y the slow Component associated with centers is 3A.. Rose, Concepts in PhOtQCOﬂdUCtiVity and Allied Problerfister-

observed on the photoresponse relaxation cuifig. S, 4\5/‘?Ileér?cfés’;|1ig’;/?r§. S)BEyuthhgflokzcogdlAgp\G/ Shé&man, Nonequilib-

curve2). rium Processes in Photoconductdia Russiaf, Naukova Dumka, Kiev,
During infrared quenching of the photoresporise-1.1 1981.

wm) (Fig. 5, curves3 and4), both components persist, pro- V. E. Las_hkarev, A. V. Lyubchenko, and M. K Sh&man, Fiz. Tverd.

viding evidence that the concentrationro&nds centers are Tela (Leningrad 7, 1727(1969 [Sov. Phys. Solid Staté, 1388(1963)

roughly equal /s~1), but the slowr energy levels are Translated by P. Shelnitz
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Nature of the nuclei for thermal donor formation in silicon (or another variant
of accelerated oxygen diffusion )

V. B. Ne mash,*) E. A. Puzenko, A. N. Kabaldin, A. N. Kra chinski , and N. N. Kras’ko

Institute of Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted July 21, 1998; accepted for publication May 19, 1999
Fiz. Tekh. Poluprovodr33, 1423-1427December 1999

The influence of preliminary heat treatment at 800 °C on the accumulation and annealing kinetics
of thermal donors formed at 450 °C in silicon single crystals is investigated by performing
four-point measurements of the electrical resistivity. The activation energies for the generation and
annealing of thermal donors were found to increase appreciably after preliminary heat

treatment at 800 °C. The experimental results are discussed with consideration of the role of the
various phase states of oxygen in as-grown Si. An interpretation is proposed with allowance

for the effect of the internal elastic stresses created by microfluctuations of the oxygen and thermal
donor concentrations in the Si lattice on the diffusion coefficient of oxygen atoms. A

guantitative estimation of the dimensions of the microfluctuations gives a value on the order of
hundreds of angstroms. The generation and annealing kinetics of thermal donors are

described within the Kaizer—Frisch—Reiss model with allowance for the locally accelerated

(within the microfluctuationsdiffusion of oxygen. The microfluctuations contain roughhy 3%

of the total number of oxygen atoms in the crystal. This low percentage complicates the
observation of the accelerated diffusion of oxygen by direct methods, but is sufficient for thermal
donor generation. €1999 American Institute of Physid$$1063-782€09)00512-§

The efficiency of the formation of oxygen-related ther- mal donors at 450 °@450 °C oxygen thermal dongrin Si
mal donors(oxygen thermal donoysat 450 °C exhibits a preliminarily heat-treated at 800 °C for the purpose of ascer-
significant dependence on the preliminary heat treatment dhining which of the two models of the nuclei just described
silicon crystals-? One of the reasons for it may be the dis- corresponds to experiment.
solution of any thermal-donor nuclei, which are always  Samples of dislocation-free Si with an as-grown resistiv-
present in an as-grown crystal, during preliminary heatty p=25—40€-cm prepared without any heat treatment af-
treatment In the Kaizer—Frisch—ReiséKFR) modef the  ter growth were used. The spread of initial valuep @ due
nuclei for the thermal donor complexes $j@re SiQ,_,  to the different local concentrations of oxygen thermal do-
complexes, which are their direct precursors. However, apors in different parts of the crystal
450 °C a diffusion constantD)(y) of oxygen in Si several
orders of magnitude higher than the real value is required for

the formation of even the complex with=2. Moreover, it . S

o : . whereng is the free-electron concentration in the as-grown
is difficult to account for the existence of the m|croclustersSam lesn, is the phosphorus impurity concentrati

of oxygen thermal donors observed in Refs. 5-8. One pos- plesne phosp purity M0
. . . is the concentration of growth thermal donors, and

sible explanation may be based on the assumption that thehe

crofluctuati f th ) it rai p/Ngrp=1—2. The concentrations of oxygen and carbon
are microfiuctuations ot the oxygen Impurty concentra Ion’impurities determined from the infrared absorption at wave-
where the local concentration of oxygen atoms)(8gnifi-

) P/AT lengths of 9.1 and 16.am in a light beam measuring X3

cantly exceeds the mean value, in as-grown [8ithis case mm were equal to (810)x107cm3 and less than 5
the Q atoms can initially be close enough to one another that, 10'6cm3, respectively. The measurementspafiere per-
complexes can form. In addition, the diffusion coeffici®y  formed by the four-point probe technique at room tempera-
in the strongly stressed regions of the crystals affected byre. The free-electron concentration.] was determined
these microfluctuations can differ greatly from the value offrom the values ofp under the assumption that= 1350
DO in the remaining volume. ThUS, the microfluctuations Cancrnz/(s. V) The total concentration of all the types of ther-
also be associated with the concept of nuclei for thermamal donors Ntp) was determined from the difference
donors. However, their influence on the accumulation and-n, (n, andn; are the free-electron concentrations in the
annealing kinetics of oxygen thermal donors following pre-as-grown and heat-treated samples, respeciveiyout al-
liminary high-temperature treatment can differ significantlylowance for the thermal acceptors, which form at 800°C
from the influence of nuclei in the form of SjQ, precipi-  after 30 min, since their concentration<3x 103cm™3.
tates. The distance between the probes was 1 mm. Samples of

In this paper we describe the results of an experimentaldentical asymmetric shape were fixed during the measure-
study of the generation and annealing of oxygen-related thements in a special socket, which ensured repeated placement

No=Np+NgTD,

1063-7826/99/33(12)/5/$15.00 1279 © 1999 American Institute of Physics
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FIG. 1. Dependence of the thermal donor denbity, on the heat-treatment

. . 2. | h
time at 450 °C Gﬁﬁ) for different samplesl — I, , as-grown sample2 — FIG. 2. Dependence of the rate of thermal donor generatiop, /dt on the

an = S . heat-treatment time at 450 °G2f) for different samples1 — Il,, as-
o, sample preliminarily treated at 800 °C for 30 min. grown sample2 — Il,,, sample preliminarily annealed at 800 °C for 30
min.

of the probes on a sample to within 0.3 mm. The nonunifor-

mity of the distribution ofp on the scale of the distance more rapid in the earliest stages of the heat treatment, in
between the probes in the radial direction in an ingot wasontradiction to the kinetics of homogeneous precipitation
37-40%. Heat treatment at 800 °C for 30 min reduced thisaccording to the KFR model. The fundamental change in the
nonuniformity to 16—22%. This means that the nonunifor-course of the dependence @Np/dt on the heat-treatment
mity of p is largely due to the nonuniform distribution of the time at 450 °C is significant. While the rate of thermal donor
growth thermal donors. The nonuniformity of the distribu- generation decreases relative to the initial rate in the as-
tion of the growth thermal donors, in turn, is naturally asso-grown samples, it increases after preliminary heat treatment
ciated with the nonuniform distribution of;@uring crystal  at 800 °C.

growth. This finding is similar to the behavior observed in Refs.
The samples were sorted into three groups on the basi and 10 and can be attributed to the equally successful in-
of the as-grown values gf: | — 25 Q-cm, I — 30Q-cm,  fluence of preliminary heat treatment at 800 °C on the nuclei

[l — 40 Q-cm. All the heat treatments and measurementgor the complexes of both types discussed above. In one case
were carried out on sets of samples containing one sampkhis influence reduces to the dissolution of SiQ precipi-
from each group. Isothermal heat treatment at450C in  tates. In the other case it reduces to “resorption” of the
air was employed to generate thermal donors. The duratiomicrofluctuations as a result of the diffusion and precipita-
of each heat-treatment step was 5—20 min. After each heation of O atoms in the densest central parts of the microf-
treatment stepp was measured at the same place on thductuations.
sample. Preference for a particular type of nuclei for the com-
Figure 1 shows typical plots dfitp, and Fig. 2 shows plexes can be indicated by an experiment on the influence of
plots of dNtp/dt versus the heat-treatment time at 450 °Cpreliminary heat treatment at 800 °C on the annealing of oxy-
(t;‘ﬁﬁ) for as-grown sample¢l) and samples preliminarily gen thermal donors. In fact, if the nuclei are uniformly dis-
treated at 800 °C for 30 mi(2). It is seen that thermal donor tributed SiQ,_; precipitates, preliminary heat treatment at
generation is slowed significantly after preliminary heat800 °C can only reduce their numbgnd, accordingly, the
treatment at 800 °C, while the IR absorption band ¢ff€®  rate of thermal donor generatigrbut is incapable of influ-
mains almost unchanged after such heat treatment. This encing the annealing of the oxygen thermal donors. If the
evidence that only slight changes occur in the phase state oiuclei are microfluctuations, an influence of preliminary heat
the bulk of the oxygen atoms in the crystals investigated. Théreatment at 800 °C on the annealing kinetics of oxygen ther-
rate of thermal donor generatiodl;p/dt) in all cases var- mal donors can be expected on the basis of their mutual
ies with the heat-treatment time at 450 °C. This variation isinfluence. In fact, according to this model oxygen thermal
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donors are found in microclusters with a large local concennealing of the thermal donors generated at 450 °C without
tration at the sites of microfluctuations in an as-grownpreliminary heat treatment and thermal donors generated at
crystal® Point defects located in the deformation field of 450 °C after preliminary heat treatment at 800 °C. The plots
other defectgfor example,A centers in regions of disorder thus obtained of the dependence of the concentration of
following neutron irradiation or near dislocationsan sig- 450°C oxygen thermal donors on the annealing time at
nificantly alter the parameters of their anneafthAdrelimi- 510 °C have a form qualitatively similar to the plots shown
nary heat treatment at 800 °C is capable of lowering the locah Fig. 3.
concentration of Qin microfluctuations and, thus, the local In Fig. 3 the points correspond to experimental data, and
concentration of oxygen thermal donors in the microclustersthe dashed lines represent a computer approximation of an
Therefore, alteration of the annealing kinetics of oxygenexponential function of the formg=Ayexp(—t/7). It is seen
thermal donors can be expected after preliminary heat treathat the experiment is faithfully described by a single expo-
ment at 800 °C, since the mutual influence of the oxygemential function. This occurs in all twelve samples. The con-
thermal donors weakens. clusion drawn in Ref. 11 regarding the two-step annealing of
The annealing of oxygen thermal donors formed at450°C oxygen thermal donors is probably due to the small
450°C was studied in our work at two temperatures:number of experimental points. Thus, preliminary heat treat-
T=510 and 515°C. At these temperatures the annealing ahent at 800 °C significantly slows the annealing of 450 °C
450 °C oxygen thermal donors is accompanied by the formagxygen thermal donors =510 and 515 °C. As was noted
tion of other species of thermal dondedthough it is signifi-  above, this finding can support the second theory regarding
cantly slower than at 450 )CHowever, the effective rate of the nature of the nuclei for thermal donor formationicrof-
their generation is at least 5 times smaller than the annealingictuations of the oxygen impurity concentratipine., the
rate of 450 °C oxygen thermal donors. Therefore, their conincreased uniformity of the spatial distribution of the oxygen
tribution to the kinetics of the electron density during theimpurities as a result of the preliminary heat treatment at
annealing of 450°C oxygen thermal donors can be disrego0 °C leads to a more uniform distribution of the thermal
garded. donors themselves and, accordingly, to weakening of their
As an example, Fig. 3 shows plots of the dependence ohutual influence through deformation fields, which slows
the thermal donor concentratiddyp on the annealing time at  their annealing. In other words, the microclusters of thermal
515°C (35 for samples with thermal donors generated atdonors formed in crystals preliminarily heat-treated at 800 °C
450°C without preliminary heat treatmeril) and for  pecome looser. Thus, the mutual influence of the thermal
samples after preliminary heat treatment at 8002CSimi-  donors comprising them weakens, and the facilitated anneal-
lar plots were constructed for annealing at 510 °C, for aning of the defects in clusters subsides. In fact, the activation
energy for annealingH,) and the annealing frequency factor
(v), which we determined from experiments on the annealing
of 450 °C oxygen thermal donors at=510 and 515 °C, in-
crease significantly after preliminary heat treatment at
: 800 °C. For different groups of samples we obtairteg
R °2 =1.64-1.88 eV, v=6.3x10°—2.3x 10" s without pre-
\ liminary heat treatment and€,=2.3—2.47 eV, v=1.8
20F o X 10'—2.4x10"s™ 1 after preliminary heat treatment at
800 °C. Moreover, the fairly broad ranges of values for their
\ parameters with measurement errors amountingAte,
i . =+0.05 eV andAv=*=5x10'%s"! in both cases are prob-
o ably due to the already macroscopically inhomogeneous
1.5F 9\ e (with a scale equal to the probe spadimtistribution of the
R e microfluctuations themselves. This is supported by the fol-
3 e lowing fact. The rate of thermal donor generation in samples
N . with differences in the integral ;Gconcentration amounting
\ to less than 20%Ng was determined from the absorption of
10 “Q infrared radiation in a light beam with a cross section mea-
i < suring 10<3 mm) can differ by a factor of 4when the
o~ measurements are performed by the four-point probe tech-
~s~aa__ nique with a distance between the measuring probes equal to
o 1 mm). The results of measurements performed on a group
of 12 samples unequivocally attest to a general tendency for
increases in the activation energy and the frequency factor
1313 min for the annealing of 450 °C oxygen thermal donors after pre-
o s liminary heat treatment at 800 °C. It is difficult to attribute
g.'G' 3. Dependence dirp on the annealing time at 515°Ggk) for g, n an increase to a decrease in the concentration of nuclei
ifferent samplesl — after annealing at 450 °@,— sample subjected, in | . L. . ..
addition, to preliminary heat treatment at 800 °C. Dashed lines — approxiln the form of SiQ,_; precipitates during the preliminary
mation of the formy=Agexp(—t/7). heat treatment at 800 °C. Assuming that the nuclei are mi-

T

25

Nrp, 1015 em™3

05 PR [T RN S W NN YT S TN T VAN AT SHN SNOW VAT SN SN (UYWAY IO S NN W1
0 20 40 60 80 100



1282 Semiconductors 33 (12), December 1999 Ne mash et al.

crofluctuations, we can attribute the variation of the annealplex. The value ofAx can be determined from the relation
ing parameters to the influence of elastic stresses in the lat-

tice, which are created by the microfluctuations and the
corresponding clusters of thermal donors. A similar approach Ax= \/D_XT
was used in Ref. 12, in which the influence of dislocations on

the parameters of the annealing of radiation defects in Si waghere D, is the diffusion coefficient of dispersed oxygen.
considered. We can calculate\x for various values oD, obtained by

In the KFR model the diffusion of oxygen atoms is the different investigators. ForD,=0.09 exp-2.4T) from
main factor limiting both the formation of thermal donors Ref. 16 atT=510°C the value of\x equals 30 A. FoD,
and their annealing. Therefore, a changeEincan charac-  =0.07exp-2.44T) (Ref. 17 Ax=21 A; for D,=0.02
terize a change in the conditions for the diffusion gft®@a  xexp(-2.4%T) (Ref. 15 Ax=13 A; and for D,=0.17
certain extent. Then the increasedp following preliminary  x exp(—2.54T) (Ref. 1§ Ax=16 A.
heat treatment at 800 °C signifies slowing of the diffusion of et us now consider the case of the annealing of 450 °C
O in the vicinity of thermal donor complexes. The reasonoxygen thermal donors without preliminary heat treatment at
for this may be a decrease in the local elastic stresses of thg0 °C. According to the data in Ref. 14, the activation en-
crystal within the thermal-donor clusters due to loosening ofergy for the accumulation of 450 °C oxygen thermal donors
the clusters as a consequence of the “resorption” of thgs E,=1.7+0.1 eV. We obtained the same valuekf from
as-grown microfluctuations of the; @oncentration during the experiment on the annealing of 450 °C oxygen thermal
the preliminary heat treatment at 800°C. As can be seefonors without preliminary heat treatment. The equality be-
from the results presented, the activation enekgy=2.3  tween the values of the activation energies for generation and
—2.47 eV for the “slowed” (after preliminary heat treat- annealing makes it possible to assume that the disappearance
ment at 800 °C diffusion is close to the value of the activa- of thermal donorgduring annealing at higher temperatures
tion energy for dispersed;@Ref. 13. For the samples with- s also limited by the diffusion of @ We can write a relation
out preliminary heat treatment at 800 °C we hdyg=1.64  similar to (3), in which D,=6.26x 10" 3exp(—1.8T) is the
—1.88 eV, which corresponds to the activation energy forgiffusion coefficient of oxygen obtained from the experiment
the generation of 450 °C oxygen thermal donors known frompn the formation of 450 °C oxygen thermal donors in Ref.
the reports of other investigatot$which was explained by  14. Substituting the corresponding experimental values of
advancing the hypothesis of the “accelerated” diffusion of\ye obtainAx=730 A, i.e., we find that in the case of the
O, . Based on the results obtained, we can assume that thgnealing of thermal donors generated without preliminary
“accelerated” diffusion of @ during thermal donor genera- heat treatment at 800 °C, the distank& increases by 40
tion is characteristic only of oxygen atoms which are infold with a considerable decrease in the activation energy of
stressed regions of the Crystal within microfluctuations Wlththe process. The existence of deformation fieldéth an
hlgh values Oﬂ\|o. Their fraction out of the total number of energy exceedingT at T=510°0 of such expanse would
O; atoms probably does not exceedt2% (Ref. 9. How-  pe more plausible within microfluctuations of the oxygen
ever, it is fully sufficient for explaining the real rates of impurity concentration or thermal-donor clustemsith di-
thermal donor generation in the initial stages. We shall nexinensions on the order of hundreds of angstroms and a local
quantitatively analyze the experimental results obtained usconcentration substantially exceeding the mean Vathan
ing such an approach. near nuclei in the form of SiQ_, precipitates.

Let us consider the annealing &t=510°C of samples Thus, the quantitative analysis of the experimental re-
which underwent preliminary heat treatment at 800 °C beforgults obtained by us provides evidence in support of the hy-
the heat treatment at 450 °C. The annealing of 450 °C oxygepothesis of the accelerated diffusion of oxygen within mi-
thermal donorgwe assume that they are $j@omplexesat  crofluctuations and microclusters of thermal donors. The
510°C occurs mainly by means of dissociation, since theraction of oxygen atoms located in microfluctuations does
limiting size of the oxygen precipitates in silicon at 450 °C is not exceed several percent of their total number; therefore, it
smaller than the critical size of precipitation nuclei at 510 °Cwould be difficult to detect the accelerated diffusion ¢ft®

()

(Ref. 15. direct methods.
The annealing kinetics of defects can be written in the  The foregoing analysis of the results has an approximate
relaxation time approximation: character. However, in our opinion, it is sufficient for draw-
ing the following conclusions.
d_N= _ E 1) 1. In thermal donor generation the role of the “nuclei”
dt T’ (in the sense of the additional factors stimulating the precipi-

tation of Q) is played by microfluctuations of the concentra-
tion of O extending over distances on the order of 700 A.

2. The generation and annealing of thermal donors in
microclusters at the sites of as-grown microfluctuations of
whereN is the defect density at the tinte the oxygen impurity concentration are greatly facilitated by

In the case of the annealing of a thermal-donor complexthe accelerated diffusion of ;0n the elastic deformation
via dissociation, an oxygen atom must move away to a cerfields near and within microclusters of thermal donors and
tain distanceAx in order not to be recaptured by the com- microfluctuations.

%= vexp(—E,/KT), 2)
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An analysis of the time-resolved photoluminescence spectra of magnesium-doped layers of
gallium nitride grown by molecular epitaxy on GaAs and sapphire substrates is presented. New
characteristic features of Mg impurities and their interaction with intrinsic defects, which

are manifested via a mechanism of donor-acceptor recombination, are discovered. The donor-
acceptor optical transitions in a doped, weakly compensated broad-band semiconductor

are considered theoretically under the assumption of a nonrandom distribution of the impurities.
A quantitative analysis of the donor-acceptor photoluminescence spectra of diverse samples

of GaN:Mg epilayers reveals depletion at short distances in the distribution of the donors and
acceptors and/or the presence of a predominant distance between imgsirntigsarities,

depending on the growth conditions. The following are determined from a comparison of the
calculated and experimental dependences of the time-resolved photoluminescence: the

form of the interimpurity distribution function, the dopant concentration, and the binding energies
of the acceptor§Mg atomg and active donors. €1999 American Institute of Physics.
[S1063-782629)00612-2

1. INTRODUCTION and holes localized at spatially separated impurity centers is
determined by processes involving tunneling and the
Despite the formidable advances in the practical develCoulomb interaction between individual impurities. On the
opment of light-emitting devices based on gallium nitride, other hand, the donor-acceptor PL band is a result of aver-
many points are still unclear in the mechanism underlyingaging of the contributions of radiative transitions between
the influence of the doping of GaN on its luminescence propindividual centers. As a result, the measured DA recombina-
erties. GaN layers obtained without doping are characterizetion band occupies a broad spectral range and can have a
by an electronic type of conduction. As in the case of othercomplex form. The maximum of the band is located in the
broad-band compounds, the doping of gallium nitride withinterval between the energy specified by the total recombi-
acceptor-like impurities is a complex subject. At present, thenation energy of a donor-acceptor pair,
only dopant which provides relatively stable and reproduc-
ible p-type conductivity in GaN is magnesium. The introduc-  Epap(®) =Eg—(AEp+AE,) @

tion of magnesiumas well as other impurity elements . . o
g m( : punty f)l (SFG is the gap widthAEp and AE, are the ionization en-

accompanied by the generation of a considerable number > .
o . . .ergies of the donor and acceptor centenghich corresponds
intrinsic defects and, possibly, by the appearance of impuri- L
o I ; : to an infinite distance between the donors and acceptors, and
ties in the unionized state. The implantation of such center
. . N ) e energy
in a crystal obviously has a significant influence on the op-
tical and electrical properties of gallium nitride. In particular, g —F . (e)+E, )
the appearance of the broad band at-B38 eV in the pho-
toluminescencéPL) spectrum of GaN is assigned to donor- whereEc=e?/4mee,r. We note that the magnitude of the
acceptor(DA) recombinatiort:? The significant differences Coulomb contributiorE does not depend on the type of DA
discovered in the particular features of the donor-acceptor Ppairs or on the mean distance between impurities, which is
spectrum of different samples of GaN:Milpe spectral posi- proportional ton%,’vsA (np A denotes the concentration of do-
tion of the maximum, the lineshape, and the unusual decagors and acceptorsind is determined entirely by the random
kinetics for DA recombinatior} require a deeper under- variabler, i.e., the distance between the donor and the ac-
standing of the doping processes and of the interaction of aceptor. As a consequence of the interaction between impuri-
acceptor-like impurity with intrinsic defects in gallium ni- ties and intrinsic defects during growth, definite correlations
tride and further investigation of intrinsic DA recombination are possible in the relative positions of the impurities in the
under the conditions of an inhomogeneous distribution of theattice. If such impurity associations appear, they should
impurities. have a decisive influence on the kinetics of donor-acceptor

The foundation of the theory and experiment in the areaecombination and can be characterized by investigating the
of donor-acceptor recombination was laid long &gdt is kinetics of the PL of DA pairs. Such possibilities open up
based on the model of a defect-free crystal with a randormew prospects, not accessible to other methods, for investi-
distribution of the impurities. The recombination of electronsgating a material.

1063-7826/99/33(12)/7/$15.00 1284 © 1999 American Institute of Physics
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The large probability of radiative interband transitions in F T " T " T
direct-gap semiconductors precludes achievement of the
equilibrium values specified b§l) for the spectral position
of the donor-acceptor PL band. This is because a consider-
able portion of the electrons and holes bound to impurities
recombine by means of tunneling transitions between nearest
neighbors. In view of the nonequilibrium character of DA
recombination noted, estimation of the characteristic recom-
bination energies from the positions of the maxima of the
lines for DA pairs using1) can lead to erroneous identifica-
tion of the impurity transitions in experiments performed un-
der stationary excitation conditions.

Thus, not only the spectroscopic energies of the impuri-
ties, but also the correlation function in the positions of the
dopant and the intrinsic compensating defects can be deter-
mined from investigations of donor-acceptor PL. Accord-
ingly, the kinetics of DA recombination take on special im-
portance. In this paper we present the results of an
experimental study of time-resolved PL spectra and the de-
cay kinetics of a pulse-excited PL flash in gallium nitride R EER R
slightly doped with magnesium. Donor-acceptor PL is con- L foep
sidered phenomenologically under the conditions of a corre- WWW | ML Ll
lation between the positions of the donors and acceptors for 3.0 3.2 ’ 34
an arbitrary ratio between the Bohr radii of the donors and Ph t V
acceptors. Several important numerical characteristics, such oton energy, e

as the concentration of the majority impurity, the binding FIG. 1. Time-resolved photoluminescen@.) spectra of weakly compen-

_ener_gies (?f the impur_ities of both types_, th_e CharaCter_ Of th&ated GaN:Mg on a GaAs substrésample mg521L Delay time for record-
interimpurity correlations, the recombination probabilities, ing the spectrum relative to the excitation pulge ns: a— 0, b — 10, ¢ —

etc., are determined by comparing calculated plots of the&0, d — 200, e — 1000.
donor-acceptor PL kinetics and experimental results.

PL intensity, arb. units

sented with consideration of the spectral sensitivity of the
measuring systenfthe photomultiplier and the monochro-

We investigated samples of GaN lightly doped with Matop.
magnesium(the magnesium concentration was B0
cm 2 according to SIM$ with a concentration of ionized
acceptorqiy=1.5x 10'"cm 3, which was determined from
Hall measurements. Samples in the form of films of thick-  Figure 1 shows time-resolved PL spectra of a sample of
ness 0.5-2.0 um were grown by molecular-beam epitaxy on lightly doped gallium nitride(p-GaN:Mg deposited on a
GaAs and sapphire substrates by Prof. Foxon’s team in th&aAs substrade which were obtained at=77 K. The tem-
University of Nottingham. The growth technology was de- peratureT=77 K was chosen because the PL of DA pairs is
scribed elsewher2The photoluminescend®L) was inves-  weakly temperature-dependentlat 100 K and, at the same
tigated on combined spectroscopic instrumentation, whichime, the spectral features associated with exciton-impurity
included single and double monochromators with diffractioncomplexes do not mask the laws governing donor-acceptor
gratings, a photon-counting system operating in a timePL atT>40 K. In order to isolate the time dependence of the
resolved regimdusing a boxcar integratpra cryostat with  spectral distribution of the PL, the spectra in Fig. 1 were
temperature regulation from 4.2 to 300 K, and a control andchormalized to the PL intensity &p, = Epap(*) (the heavy
recording computer system. The PL was excited by a pulsedrrow in Fig. 2. The value ofEpap() is discussed in detall
nitrogen laser with a photon enerfgpy=3.678 eV, a pulse in Sec. 5.
duration of 6 ns, and a frequency 6400 Hz. An excitation We assign peak BB dEp =3.47 e\V=Eg to the inter-
level less than 1000 W/chwas provided when the diameter band recombination of free carriers in two overlapping chan-
of the laser beam on the sample wag& mm. This enabled nels: shallow-donor—valence-band and free-exciton recombi-
us to avoid introducing the nonlinear effects associated witlmation (as was noted above, the emission of bound excitons
a high excitation and stimulated-emission intensity. A set ofis quenched at temperatures above-80 K). The FWHM
calibrated neutral filters was used to vary the excitation in-of the BB peak is~30 meV and decreases slowly as the
tensity. Auxiliary PL measurements were performed undetemperature is lowered. The small feature on the low-energy
stationary conditions with excitation by a He—Cd laskp (  side of the principal PL peak, peak DD, is caused, in our
=3.8 eV) and recording of the signal in a phase-sensitiveopinion, by deep-donor—valence-band recombination and is
detection regime. The experimental spectral plots are prediscussed below in greater detail. As the delay time is in-

2. EXPERIMENTAL METHOD

3. EXPERIMENTAL RESULTS
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FIG. 2. Time-resolved photoluminescen@d.) spectra of weakly compen-
sated GaN:Mg on a sapphire substrésample mg38P Delay time for
recording the spectrum relative to the excitation pujsens: a — 0, b —
50, ¢ — 200, d — 2000.
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FIG. 3. Kinetics of the donor-acceptor photoluminesceffee) band for
samples mg521 and mg389. Points — experimental data, solid curves —
computer calculation for concentrations equal t& " cm™2 (1, 2) and
3x10®¥cm 3 (3) and the distribution function§,(r) (1) andG(r) (2, 3).

creased, the energetic position of peak BB remains nearly
constant, while its amplitude drops sharply during the first 10measured with a large delay relative to the exciting pulse;
ns after the excitation pulse. this component shifts slowly as the delay time is increased,
The main feature distinguishing the spectra obtainedand its kinetics are very similar to the behavior of the low-
with short delays {;<<1 us) from the quasi-steady-staté;(  energy band. The increase in the intensity of band DD varies
>1 wus) and the steady-state spectra known from the literafrom sample to sample. We associate the blue shift in the
ture is the complex character of the band assigned to DAosition of peak BB aEp =3.475 eV by~5 meV with the
recombination. As can be seen from Fig. 1, the DAP bandlifferent character of the stresses on the GaN/sapphire
consists of two peaks, viz., LE and HE. The low-enefig) boundary than on the GaN-GaAs boundary. It should be
component depends only slightly on the recording time ofnoted that the behavior of the DA band noted above is char-
the spectrum relative to the exciting pulse; nevertheless, acteristic not just of the epilayers on sapphire. For example,
small reproducible shift to lower energies is observed. Convery complicated behavior was also observed for one of the
versely, the parameters of the new high-endidlf) compo-  GaN samples grown on a GaAs substrate.
nent depend strongly on the delay timg. As ty is in- Figure 3 shows kinetic plots of the decay of the intensity
creased, the band red-shifts fairly quickly, and its amplitudeof the donor-acceptor PL band measured in the energy range
decreases considerably more rapidly than does the amplitudeom 3.05 to 3.37 eV for two samples. The differences ob-
of the LE component. Only the LE band remains in the spectained are striking. While a segment of rapid PL decay at
tra recorded with large delays under the corresponding quashort times can be discerned for one sampig521), the
sistationary conditiongcurvee in Fig. 1). time dependence of the other samieg389 is character-
Figure 2 shows the time-resolved spectra for anotheized by monotonic decay. The time dependence of the donor-
sample ofp-GaN:Mg, which had roughly the same degree ofacceptor PL intensity has a strongly nonexponential, nearly
compensation, but was grown on a different substrate, vizpower-law, character with an exponent ef(—2) at large
Al,O5. At first glance, the main features persist in the PLtimes.
spectra, i.e., there are two DA recombination bands (PAP The investigations of the dependence of the time-
and DAR), the edge band BB, and the low-energy shoulderesolved spectra on the intensity of the exciting ligh;
DD. However, significant differences are observed in the PLshowed that the variation &f,. within several orders weakly
kinetics. Most importantly, the high-energy component ofinfluences the spectral features of DA recombination. Never-
the donor-acceptor PL does not vanish when the spectrum theless, relative redistribution of the PL intensities in the
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spectrum between donor-acceptor PL and interband PL witfthis equation has the solution

increasing ¢,.is observed perfectly clearly with the expected

dominance of band BB at high pump levels. Q(t)=exp{—z W(r)t|. (4)
The experimental data presented demonstrate the high

sensitivity of the donor-acceptor PL spectra to the characteiVe obtain the filling factor averaged over all possible inter-

istic features of GaN epilayers that depend on the growthmpurity configurations, i.e., values of, (Q(t)) by multi-

characteristics and the nature of the substrate. Samples plying (4) by the probability of a given configuration and

GaN:Mg with roughly the same doping level exhibit two summing over all possible configurations:

types of spectra in the donor-acceptor PL band with very

different kinetics. (Q(1))=

Na

©)

1
- _ 3
VLG(r)exr{ W(r)t]dr

The quantityd®r/V is the probability of finding an impurity

in the volumed®r when the donor§acceptorsare uniformly

distributed in the volumeV, and the correlation function
The quantitative solution of the problem of the PL of DA G(r) is the density of the probability distribution character-

pairs was considered in Refs. 4 and 5 in the approximation o&ing the relative distribution of donor-acceptor pairs in the

a uniform distribution of the impurities. The results of that space of interimpurity distances Imposing the normaliza-

phenomenological theory qualitatively describe the behaviotion condition

of DA recombination in a series of conventional semicon- A (=

ductors (IV, -1V, and II-VI) with crystal structures of —f G(r)rdr=1

high perfection, although the comprehensive comparison of Vo

theory and eXperiment is essentia”y confined to Ref. 4. NeVOn G(r)' after some Simp|e transformations we obtain
ertheless, it was noted in some cases that the experimentally

observed features differ from the laws predicted by the{Q(t))zexp{4wnAfo(r){exq—W(r)t]—1}rzdr}. 6)
theory? For GaN we note the observations in Ref. 3 that 0
were left unexplained and our experimental data, which wer
presented in the preceding section.

In this section we examine the model of DA recombina-
tion with the following significant generalizations, which dif- d{Q(t)) o
fer from those considered in Ref. 4. First, we assume an 'PLD=~ 4 :47"”/\]0 G(r)W(r)
arbitrary distribution of the impurities in the lattice and in-
troduce the correlation functio®(r), which specifies the
density of the distribution of the impuritigglonors and ac-
ceptors in the space of interimpurity distancesSecond, we
assume an arbitrary ratio between the Bohr radii of the do-
nors (@p) and acceptorsay) in the problem of the recom-
bination of an electron and a hole localized on neighborin
centers. In fact, a rough estimate of the ratio between th
Bohr radii in GaN suggestap~(3—5)a,, rather than
ap>ap.

Let us calculate the recombination rate of donor-

4. RECOMBINATION UNDER THE CONDITIONS OF
INTERIMPURITY CORRELATIONS

Flere ny,=NA/V. The PL intensity as a function of time,
Ip (1), is determined by the rate of variation @P(t)):

X exd —W(r)t]r2dr exp{4wnAfo(r)
0

x{exd —W(r)t]—1} r2dr|. (7)

t is noteworthy that Eq(7) describes the variation of the

integrated PL of the DA pairs, rather than the intensity of an
individual band in the PL spectrum. The latter can also be
calculated with allowance for the fact that an individual pair

acceptor pairs, following the initial assumptions in Ref. 4_separated by the distance emits a photon with the energy

We assume that a neutral donor is found at the origin 01El:e2/477880r1’ which  is - measured rquUve tCEgL
coordinates in an environment by acceptors located at the __ Epap(*) =Ee— (.AED+AEA)'. Thus, Fhe filling factor of
positionsr;. Let NoA>Np, i.e., let the acceptors be the ma- the state of a particular DA palir is defined as

jority dopant, and let the donors be the minority impurity,

which compensates for the effect of doping by the acceptors. QEl(t):eXF[_W(rl)t]eXF{ _i;l W(ri)t}- ®)

For each donor there afé, parallel channels for recombi-

nation with acceptors, and the probability of recombinationThe subscript 1 ir(8) denotes the pair singled out. The de-
of an electron €) located at a donor center with a hole)(  €Xcitation rate of this particular state also determines the
bound to theith acceptor center depends on the distance spectral PL intensity, which, after averaging over an en-
between them. Denoting the filling factor of the donors withsemble of DA pairs, can be brought into the form

electrons byQ and usingW(r;) to denote the probability for

the radiative recombination of a bourd-h pair separated JE(t)ZW(rl)exp[—W(rl)t]ex;{ —2 W(ri)t}

in space by the distanae, we write the rate of variation of 171

the filling factor as ~W(r)exd —W(r)t]-(Q(t)). (9)
d_Q _ —QE W(r:) 3) The difference between ensembled\pf—1 andN, pairs is
dt . ignored in performing the averaging {®). This is valid in
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the approximation oN,>1. After the averaging, if we omit
the subscript 11(;=r) and define the number of acceptors in
the epilayer between andr+dr asdN=G(r)N4r2dr,
we obtain the PL intensity in the energy band betwEemnd
E+ dE, which, after switching from the spatial coordinate to
the recombination energyE using the relationr=e?/
dreegE=A:/E, can be expressed in the form

dig(t) Ac) 1 Ac)

= 4wnAA3G(—) EW(

dE E E

w5

To calculate the PL spectra within this model, we must
find the functionW(r), which, in turn, is defined by the
square of the overlap integral of the wave functions of an
electron at a donor and a hole at an acceptor. In the previous
studieé® an expression obtained in a very simple approxi-
mation, in which the Bohr radii of the acceptor and donor
differ strongly, served asW(r). In that case W(r)
=Wpexp(—2r/rg), whererg=max@p, a,) is the Bohr ra-
dius of the more weakly bound center. However, the Bohr
radii of shallow hydrogen-like impurities generally differ by 3.1 3.2 3.3 3.4
only several factors. This situation significantly modifies the
values ofW(r) in the most important region of variation of Photon energy, eV
.from ~0 tQ max@p a,)- Th? peha\“or Ow(r) .|n thls region FIG. 4. Calculatedsolid curveg and experimentalpoints time-resolved
is the main factor determmmg the entire kinetics of donor'donor—acceptor photoluminescen@d.) spectra of sample mg521 from the
acceptor PL. Under the assumption that the ground states @fst group(Fig. 1. ty, ns: a — 0, b — 10, ¢ — 40, d — 200, e — 1000.
electrons and holes at impurities can be described-type
functions, the overlap integral is given by the equality

«(Q(1)). (10

PL intensity, arb.units

dences was carried out according to the following self-
exp( |R—r|) °R consistent procedure to compare the theoretical results with
ap ’ experiment. The time dependences of the donor-acceptor PL
(11) (7) and spectral series of the time-resolved spetta for

The calculation of this integral for an arbitrary ratio between " &1 oUS yalues of th? delay tintg with a typical number OT
spectra in each series equal 1b—10 were calculated si-

ap anda, leads to the following expression for the probabil- multaneously. The parameteas , a,, 8, andWp, which are

ity of the tunneling recombination of a bound electron and a .
) constants of the material, were set equal to constant values
bound holew(r):

for all the samples investigated in the final iterations. Thus,

R
af)=————| exg ——
poA m(ap ,ag)¥?J)o aa

B 3 ) B(l—¢€) , the only variable parameters for different samples in the last
W=const64 g°|| S(1- %) +4 € stage of the calculation were the concentration of the major-
5 ity impurity na and the distribution functiorG(r), which
2 BN 2 were varied to achieve the closest fit between the theoretical
+1-p2-a—— e 1(1-p%)% . (12 :
p and experimental dependences.

Comparisons of the calculation and the experimental
spectra in the region of donor-acceptor PL shown in Figs. 1
and 2 are made in Figs. 4 and 5, respectively. We note not
only the good fit between the calculated curves and the ex-
perimental dependences, but also the repetition of the dy-
namics of the variation of peak HE with time for the sample

Let us move on to a comparison of the dependencesf the first type in the calculated curves. The complicated
calculated from(7), (10), and(12) to the experimental data. form of the donor-acceptor PL spectrum, as well as the dif-
The parameters in the calculation are the concentration of thierences in the transformation of the donor-acceptor PL spec-
majority impurity, n,, the Bohr radii of the donor and the tra obtained for different GaN:Mg samples with time, are, in
acceptorap anda,, respectively, and the correlation func- fact, specified by the distribution functid®(r) (Fig. 6). The
tion G(r). The analytic form of7), (10), and(12) allows us  presence of peak HE in the spectra of a number of samples is
to reduce the calculation problem to the dimensionless pacaused by the maximum oB,(r) at r=7 A. In these
rametersainA and B (or Wy) and the coordinatp. Iterative  samples the relative fraction of impurities separated from one
computer simulation of the PL spectra and the time depenanother by large distances is fairly small. The correlations

Here B=apl/ap, p=rlas, and Bp=rlap, respectively.
We note that cons648° is exactly equal td/, in the ex-
pression folW(r) used in Ref. 4 and in the ensuing studies.

5. DISCUSSION OF THE EXPERIMENTAL RESULTS
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- DAP, DAP, -

PL intensity, arb.units

3.1 3.2 3.3 3.4
Photon energy, eV
FIG. 5. Calculatedsolid curve$ and experimenta{pointg time-resolved

donor-acceptor photoluminescen@d) spectra of sample mg389 from the
second groupFig. 2. ty, ns:a— 0, b — 50, c — 100, d — 200, e — 500.
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formed when the majority impurity is introduced. We note
that both the character and the magnitude of the self-
compensation effect of the acceptor impurity introduced de-
pend on the growth parameters, i.e., in the final analysis on
the level of nonstoichiometry.The correlation function
G,(r) for the samples of the second type, which are charac-
terized by two bands of slow donor-acceptor PL, is likewise
not constant at any. However, in contrast with the samples
of the first group, they exhibit depletion of the impurities at
short distancegFig. 6, curve2). Such behavior signifies
weaker compensation by the implanted impurity as a result
of neutralization by intrinsic defects.

The fast component in the time dependence of the
donor-acceptor PUp (t) of the sample of the first type
(mg52) at short timegFig. 3) is also caused by the corre-
lation between the positions of the acceptors and the com-
pensating intrinsic defectslonors. This feature, i.e., the fast
component of p (t) at short times, was first observed in Ref.
3, but was left unexplained.

The data obtained on a large series of GaN:Mg samples
demonstrate the correspondence between the characteristic
features of the spectra and kinetic measurements in the
samples for which the high-energy band in the PL spectrum
does not vanish with large delay times and the fast compo-
nent is not observed in the decay kinetics of the donor-
acceptor PL(see Fig. 3, curvd). Thelp (t) curve for such
samples is characterized by a power-law function. Thus, the
features of G(r) are manifested both in series of time-

noted imply the appearance of a certain preferential shortesolved spectra and in the time dependence of the donor-
range order in the distribution of the impurities. The pres-acceptor PL.

ence of this maximum in the relative distribution of the im-

The values of the concentration determined by

purities is probably due to the unique self-compensatiorsecondary-ion mass spectrome{§iMS), ﬂf,.'év's, in Ref. 6
mechanism of Mg, i.e., complexation with intrinsic defectsare in reasonably good agreement with the values determined
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FIG. 6. Distribution function of DA pair&(r) for GaN:Mg: G; — sample
mg 521(Figs. 1 and %4 G, — sample mg389Figs. 2 and &

by comparing the theoretical and experimental dependences
(Nhg): Nigg/ Ny~ 1—2. The slight systematic upward de-
viation of the values ofjfj; obtained by us in comparison
with the SIMS datlcan be attributed to some indefiniteness
in the calibration of the SIMS spectrometer, which was
based on the use of a secondary, or “reference,” sample.
Returning to the DA recombination spectra, we turn our
attention to the unique “doublet” structure, which is dis-
played especially clearly in the second group of samples with
large delay times: in all the samples investigated the spectral
distance between the peaks of the double maximum of the
donor-acceptor PL band amounts +@80 meV. This is the
same energy which we observe as the energy gap between
bands DD and BB. We associate the presence of two donor-
acceptor PL bands with two different families of DA pairs.
One forms from a shallow donor and a Mg acceptor, and the
other forms from a deep donor and a Mg acceptor. Thus, the
duplication of the DA band is due to the participation of two
different donors in the donor-acceptor transitions. It is
known that at moderately low temperatures the main contri-
bution to peak BB is made by the recombination of free
excitons and of carriers in shallow-donor—valence-band tran-
sitions. We assume that the center of gravity of line BB is
located below the true conduction-band edge, being sepa-
rated from it byAE~30 meV. HereAE~AEp,Ryx, Where
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AEj; is the binding energy of the don@hallow), andRy is  selected on the basis of the limiting value of the spectral
the binding energy of free excitons in GaN. position of the DA band fot— <« in the calculated spectrum.
All the spectra also display peak DD, which is located

~80 meV below the principal peak. This peak has charace. CONCLUSIONS

teristic decay times which are similar to those observed for
peak BB and mimic the time-resolution limit of the system
(~10"° 9). Such behavior of band DD is characteristic of
impurity-band recombination. The optical energy of peak
DD can be assigned to the binding energy of a deep donoE
which we estimate aAEpp~(100+ 3) meV. Such deep do-
nors can be, for example, intrinsic defects. The relative am

plitude of peak DD with respect to the principal band BB i ¢ bit distribut fthe i i d
varies from sample to sample, but it always remains distin&ssumption of an arbitrary distribution ot the Impurities an
n arbitrary ratio between the Bohr radii of the donors and

guishable against the background of the latter band. We not& N A method for determining th i f th
that the agreement achieved between the calculated and ggeeeptors. A method for determining the parameters of the

perimental time dependences, which was demonstrate%Opam and its ipte_raction Wi_th intrinsic defects has been de-
above in Figs. 4 and 5, was obtained for the following BohrveIOpEd' '_I'hg b|'nd|ng energies of Mg accept(@d0 meVj
radii of a deep donor and an ordinary donagp~14 A and and two intrinsic donor defects, viz., a deep dorﬁmpo
ap~25 A, respectively. It must be stressed that the shapEneV) a_md a shallow don_o(BO me\A_, ha_ve be.e” determined.
and character of the calculated time dependence are VelLKITZgIS((;A:Z:; S\;\/Afa_szé:g;;rled out with financial support from
sensitive to the values of these parameters. The donor Bohr . .

radius thus determined corresponds to a donor binding en- N'N'Z‘ thanks B_' S. Monozon for a discussion of the
ergy AEpp~ 100 meV, which appreciably exceeds the bind-theoretlcal part of this study.

ing energy of a shallow hydrogen-like donor in GaNut

corresponds well to the binding energy determined from thé E-mail: olga.sreseli@pop.ioffe.rssi.ru

spectra for the deep donor participating in DA transitions———

that is associated with the DD band. We can therefore esti-

mate the optical binding energies of the participating intrin- 'H. Amano, M. Kito, K. Hiramatsu, and I. Akasaki, J. Electrochem. Soc.

. . . e 137, 1639 (1990; . Akasaki, H. Amano, M. Kito, and K. Hiramatsu,
sic donor defects in the following crude classification: 3, o089 666 (1991,

AEpp~(100+3) meV for the deep donor andEp~(30 2T. Detchprohm, K. Hiramatsu, N. Sawaki, and |. Akasaki, J. Cryst.
+3) meV for the shallow donor. Using the values obtained 3Grovvth 145 192(1994. _

for the energies of the donors participating in the DA transi- M- !legems and R. Dingle, J. Appl. Phyd4, 4234(1973; Solid State
tions, we can determine the optical binding energies of thacommun'g’ 175(1973.

! . p o _g 9 . D. G. Thomas, J. J. Hopfield, and W. M. Augustyniak, Phys. Re\)
acceptor-like Mg centers that participate in the recombina- 202(1965; C. H. Henry, R. A. Faulkner, and K. Nassau, Phys. Re3
tion. First of all, the “zero” energyEp = EDAP(OO) =Eg 798(1969; P. J. DeanProgress in Solid State Chemistsdited by J. O.

_ ; St McCaldin and G. SomorjgiOxford, Pergamon Press, 197¥ol. 8, p. 1.

+
h(AED AFA) was de;ter:mmedbfror; fthe '”T““”hg vallue of g Williams, Phys. Status Solidi5, 493 (1968.
the spectral position of the DA ban t)_{—>oo In the ca Cu'_ 67. S. Cheng, C. T. Foxon, N. J. Jetts, D. J. Dewsnip, L. Flannery, J. W.
lated spectrum. The value AfE, was estimated on the basis  orton, S. V. Novikov, B. Ya. Ber, and Yu. A. Kudriavtsev, MRS Internet
of the values ofip andapp that are determined and from the _J. Nitride Semicond. Re, Article 13 (1997.

" ; ; "W. Gatz, N. M. Johnson, C. Chen, H. Liu, C. Kuo, and W. Imler, Appl.
positions of peaks BB and DD, respectively. Assuming that Phys. Lett68, 3144(1999.

the intrinsic defeCtS_ appeariqg upon doping comprise tWOs\y ' Ggz, N. M. Johnson, J. Walker, D. P. Bour, H. Amano, and
groups of donors with energies 630 meV (Ref. 7 and I. Akasaki, Appl. Phys. Lett67, 2666(1995.

~100 meV, we obtain the level of a Mg accemekﬂg ®W. Gz, N. M. Johnson, and D. P. Bour, Appl. Phys. Le8, 3470

N L L (1996.

. (240—: 10) meV, Whl(_:h flt.S the known values of the bind 10p_ Hacke, H. Nakayama, T. Detchprohm, K. Hiramatsu, and N. Sawaki,
ing energy of magnesium in GaN: 15300 meV (see, for Appl. Phys. Lett68, 1362 (1996.

example, Refs. 8—11 We note that we determined these M. Smith, G. D. Chen, J. Y. Lin, H. X. Jiang, A. Salvador, B. N. Sverdlov,
energies on the basis of a comparison of a series of time-?égso(tfgggfevv H. M. Morkgeand B. Goldenberg, Appl. Phys. Le68,
resolved PL spectra with spectra calculated fid), where '

the “zero” energyEp =Eppp(©) =Eg—(AEp+AE,) was  Translated by P. Shelnitz

Time-resolved spectra and the kinetics of donor-acceptor
recombination in magnesium-doped gallium nitride with
p-type conduction have been investigated. The correlation
pectrum of Mg-acceptor—intrinsic-defect complexes has
een determined by comparing experimental data with series
of calculated spectra and time dependences obtained on the
basis of a modified version of the theory in Ref. 4 under the
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The process of electron capture in many-valley semiconductors in a quantizing magnetic field is
investigated theoretically. An analytical expression is obtained for the cross section of

electron capture by dislocations. It is found that the electron capture cross section depends
substantially on the orientation of the valley relative to the magnetic field.1989 American
Institute of Physicg.S1063-782809)00712-7

The influence of charged edge dislocations on the prop- Let us consider the case of a small concentration of dis-
erties of semiconductors depends strongly on the interactiolocations for which the Reed cylinders of individual disloca-
of the charge carriers with the dislocations, on the physications do not intersect and act independently of one another as
situation, and also on the actual structure of the crystalsindependent centers. Under these conditions, the electron
The properties of charged dislocations have been mainly ineapture cross section is given by
vestigated experimentally in Ge and Si crystals, which are _

) a=JIny(v). 2
many-valley semiconductors. The constant-energy surface
for the electronic conductivity at the and X points is a HereJ is the electron flux per dislocation centex, is the
prolate ellipsoid. In silicon there are six equivalent valleysequilibrium electron density in the bulk of the semiconduc-
located at theX points on theg100 axis? In germanium the tor, and(v) is the thermal electron velocity. The flukis
valleys are located at the points in the(111) direction and calculated as in Ref. 4. Following Ref. 4, we have for
the number of equivalent valleys is equal to four. AKT 0 1

In the present paper we examine the cross section for ¢=J/ng(v)= —( f dEexp(E/kT)/B(E) , (3
electron capture by dislocation centers in many-vatlgype (V) -
semiconductors in the presence of a quantizing magnetighere
field. The electron capture cross sectiers calculated on
the basis of the modified edge-dislocation model proposed , 1 (2m)%%h?
by Shikin and Shikind. According to their modet,the de- " 2a m, m2Q(kT)Y?’
formation potential of the dislocation creates a distinct po- ) | ) ]
tential well for the electrons, which increases the rate ofinda is the number of valleys in the conduction band. The

capture of electrons. quantityk TB(E) is the diffusion coefficient in energy space
Let us investigate the temperature range in which theétnd is defined by the relation
electrons are scattered by acoustic phonons quasielastically, 1
i.e., the case in which B(E)= o 7v dPra, Wij(si—¢j)?8(E—&;—®(1)),
1]
kT>hoq~(AQm, s)12 (4)

where®(r) is the total potential energy of the electrostatic
and deformation fields of the edge dislocatfahe indices
andj denote the triples of quantum numbers of the electrons
1 co2O® sirt® (n,ky.k;) and (0’ k; ,k;), andWj; is the transition probabil-
(1) ity of the electron from théth to thejth quantum state under
interaction of the electrons with the acoustic phonons, and in

is the angle between the magnetic field vedtoand the the ultraquantum limitig=n"=0) has the form

axis of rotation of the ellipsoidn; andm, are the effective 20 Eg at

masses of electrons moving along the rotation axis of the Wij=7 E Zg—v

ellipsoid and in the plane perpendicular to it, respectively, Ga £PSE

ands is the speed of sound in the crystal. Under these con- 242

ditions, the electron loses energy in small amounts and the Xex;{ i yrﬁ

capture process can be described as a continuous transfer of

energy carriers. from the_ region of positiye energies to the +(Ng+ 1)5(81—8j+ﬁwq)]2, (5)

region of negative energies. The electron is considered to be 2

essentially captured when it drops down below the energy 27K 1
gi=5—+hQ|( n+ =,

level E= —KT. 2m; 2

Here T is the lattice temperaturés is the Boltzmann con-
stant,fiwg is the energy of an acoustic phonon,

Q=eH/lcm,, —=
1 2 2 1
mg, m? mym,

O K+, Ok, k! +a,

[Ngd(ei—gj—fiwg)

(6)

1063-7826/99/33(12)/2/$15.00 1291 © 1999 American Institute of Physics
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ru=(hcleH)*2 () (2m)*2 b2\*(ES) [ eH) 2
. . . . o= (_) (m,+my)
Heree; is the electron energy in théh quantum statep is 1273 <v>pU8 fic
the density of the crystal, and =k T/%w, is the equilib-
rium distribution function of the phonons. Ug 1 4y,
i ONy— it di X4 In + =+ C(0)
In this expressiong=1 corresponds to the longitudinal 70 2 3 40
branches@=2 corresponds to the transverse branches of the m.s
phonon spectrum, and., can be represented in the form h3 hOm, 2 .
X cosh————.
S4t3,cofB if a=1, . Uy (13)
e |3, sinBcoB  if a=2, ® As can be seen from expressi@hl), the cross section for

. ~capture in a magnetic field depends essentially on the orien-
whereX., andX,, are constants of the deformation potential tation of the valley relative to the magnetic field. Although
introduced by Hering, ang is the angle between the phonon % ()>kT, under certain physical conditions the term

wave vectorg and the rotation axis of the ellipsoid. (Uo/2Q)C(O) can play an important role because at small
For the quantityB(E), after some straightforward but yajyes of® the factorC(©) is much greater than 1. In this
rather lengthy calculations we have caseo~ H, and for values o for which C(®)=<1 we have
o~H?2.
A\ 12y 2 3
B(E)= (Ec)bX ﬂ (m, +m,)e3EN In conclusion, let us estimate the qur:xnt'm(]ZQmLs2
6mhpUd |\ ch Lo and determine the region of applicability of formulal).
For f=0.1, H=10°Oe, ands=5x10°m/s the quantity
Uo 1 4y, VAQm, s?/Uy,=0.1. The values of the magnetic field for
X In—er §+ EC((@) which formula(11) is valid are determined by the inequality
B (hQm, $2)Y2<kT<hQ. (12)
h3 ViQm, s? 9 This inequality, on the one hand, ensures quasi-elasticity of
X coS —Uo ' © electron scattering by acoustic phonons and, on the other,
that the electron energy spectrum is quantized in a strong
o) sirF@coé@(mH—mL)%mﬁ magnetlc* fleld;?ond|t|on$:12) cazm be W”ttilm the form
(0)= n , (10 1<(H/H*)<o6 *, whered=m, s*/KT andH* =(m, c/7%e)
m, [(mym,) =+ m;] XkT=kT/2ug (ug=ef/2m, c is the effective Bohr magne-

) L ton). Form=10 2% g andT=300K we haveH* =250 Oe.
(Ed)=| 33+ §Ed2u+ §Eﬁ . m,=m?sif® +mcos0.

1F. Mataze, J. Appl. Phy$6 (15), 2605(1984.

2 ) : .
Herex=(1—2v)/(1—»), v is the Poisson coefficient is the B. .K. Ridley, Quantum Processes in Semiconductdrd ed.(Oxford
Univ. Press, 1988

. . _ 2 . .
Burgers dislocation vectot),=2e“f/ape, ag is the lattice 3y, g, shikin and Yu. V. Shikina, Usp. Fiz. Nauk 1@, 887 (1995
constantf is the filling coefficient of the dislocation by elec- [Phys. Usp36, 655(1995]. )
trons, ands is the dielectric constant. 4V. N. Abakumov and I. N. Yassievich, Zh.kBp. Teor. Fiz.71(2), 657
Substituting expressiof®) into Eq. (4), after a straight-  (-978 [Sov- Phys. JETR4, 345(1976].
forward integration, we obtain Translated by Paul F. Schippnick
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Electrical propertiegat 80 K) of p—n junctions fabricated by ion milling gp-type

Hgo.91Mng ool € are analyzed. The forward current-voltage characteristics at low biases is shown

to be governed by carrier recombination in the space charge region and at higher biases

its voltage dependence is deformed due to the voltage drop across the high-resistance layer in the
diode structure. Under reverse bias, carrier tunneling suppresses other transport mechanisms.

At higher reverse biases, impact ionization by high-energy carriers is responsible for the additional
increase in the diode current. ®99 American Institute of Physid§1063-782809)00812-1

1. INTRODUCTION Ohmic contacts with the substrate and thiayer were cre-
ated by chemical deposition of Pd with subsequent vacuum
sputtering of Cr(~0.05 um) followed by Au(~1 um). The
ohmic contact to then-region, whose dimensions are 50
x=0.09 Hg_Mn,Te is a semiconductor with a wide band X100 um, covers roughly half the active area of the diode

gapE,=0.09eV at 77K, i.e., the sensitivity range of a diode(F'g' D.

based on this material covers both atmospheric

“windows"—3 -5 and 8-13 um. The p—n junctions, 3. CHARGE TRANSPORT MECHANISM UNDER FORWARD
which are suitable for practical use, are fabricated inBIAS

HgMnTe by diffusion in saturated Hg vapor or by ion im-

Sla]tntatslgo_r; with subsequent annealing to eliminate IattlCeteristic of one of the elements of the photodiode of the matrix
€ GICt h h its of ) at T=80K, illustrating the rectifying properties of the inves-
n this paper we report the results of an E’Xpe”mem":lltigatedp—n junctions(at 0.3V the forward current exceeds

Etudy of P”_. n juntl:tions balsed on I-églano_ogTe, prepa:jred_ hthe reverse current by more than two orders of magnjtutle
y fon milling at low accelerating voltages compared wit distinguishing feature of thé—V characteristic plotted in

t_hose .used in i(_)n implantatidiThis techniqug in_ combina- semilog coordinates is the presenc&/at0.1V of a rectilin-
tion with photolithography and surface passivation has madgar segment with slope nearly coincident wéfBk T (e s the

it possible to fabricate multielement matrices of planar andcharge of the electrork is Boltzmann’s constant, anl is
mesa photodiodes with reproducible and stable propefties. the temperatude This is evidence of a recombination mecha-

nism of the forward current, which for an asymmetpie- n

Hg, ,Mn,Te is a promising material for infrared detec-
tors whose use in comparison with HgCd,Te allows one
to enhance the stability of device characteristicsFor

Figure 2 shows a typical current—voltage-V) charac-

2. SAMPLES

To fabricate the photodiodes we used single crystals of
p-Hgg 9iMng goTe, obtained by a modified zone melting
method® After an extended anne&everal weeKsof the bar
at ~200°C, the hole density in the samples, which was
found from the Hall measurements, varied in the range (1
—3)x10%cm 2 at 77 K. As a result of ion milling with Af
(ion energy 700 eV, current density 0.5 mAfnfor 2—2.5
min, the conductivity type in the skin layer of tipeHgMnTe
sample changes, and a high electron density is obsérved
(~10®cm™3). The HgMnTe surface was passivated by
fluorides of Mn, Te, and Hg formed during anodization in a

NH,4F solution ir! ethylene glycdl.A Z_nS layer(~0.3 um)  FiG. 1. Structure of a planar HgMnTe photodiode— metal contacts to
was also deposited above the fluoride surfae@.03 um). the n andp regions,2 — passivating layer.

1063-7826/99/33(12)/4/$15.00 1293 © 1999 American Institute of Physics



1294 Semiconductors 33 (12), December 1999 Kosyachenko et al.

1074 T T T compensated by the external voltage, thev characteristic
becomes lineafif Ry is a linear resistange That this is
s indeed the case is confirmed by Fig. 3a, which plots the
10°F § dependenc&(V) on regular Cartesian coordinates. As can be
seen, wheth>50uA, the experimental dependence is repre-
< 105 b | sented by a straight line.

~

7 4. ENERGY-LEVEL DIAGRAM OF A p—n JUNCTION
10 ' 1

Analysis of the results presented in Figs. 2 and 3a leads
1078 to the following conclusions.
Il L 1

1. The cutoff on the voltage axis in Fig. 3a gives the
—0.6  -04 _3'2\, 0 0.2 value 0.28V for the contact potentié0.28-0.29 V for the
’ various samples which is much greater than the value
FIG. 2. Current-voltage characteristic of a HgMnTe diode at 80 K. PointsEg/€=0.09 V. Such a large discrepancy is explained by the
— experimental data, solid lines — results of calculations using formulasfact that then layer of the diode structure formed by ion
(1) and (). etching is a degenerate semiconductor. In this case the Fermi
level E is located above the bottom of the conduction band
E. by the distanc&g— E.= (h%2m?)(3n/8m)%3 wherem}?
junction for recombination through levels located near thds the effective mass of the electron, ands the electron
middle of the band gagthe most efficient recombination density. Settingm} =0.01my (mq is the electron mass in
level9 andeV>kT is described by the formut&!? vacuum,® for n=10"%cm 3 we obtain Ez—E.=0.03 eV,
which also explains the “anomalously” large value ¢f,
end KT eV ) S
—eXF{— , (1)  thatfollows from Fig. 3dtaking into account the degeneracy
T ¢o—eV 2kT of then regionpo=Eg—E.+Eq—Au, whereAu is the dis-
whereA is the area of the diodey; is the intrinsic carrier tance to the Fermi level from the valence band in phes-
density, 7 is the effective lifetime of the carriers in the space gion of the diode structure.
charge regiofSCR), ¢, is the height of the potential barrier
at thep—n junction,d=[2s&,(po—eV)/€*(N;— Ng)]*?is
the width of the space charge regitin this case the space 300
charge region is located in thgtype region, which is a a
region of much higher resistange is the relative dielectric
constant equal to 17.8 for |g;Mng ool e (Ref. 3, g is the
permittivity of free space, antll,— Ny is the concentration
of the uncompensated acceptors in fiig/pe region.[The
factorkT/(¢o—eV), whose dependence &hcan be ignored =~
in comparison with the exponential function, takes into ac- 100 F
count the fact that recombination does not take place uni-
formly over the entire space charge region, but only in some
part of it 0L g 0o0o000® . 1 :
According to formula(1), the cutoff on the current axis 0.2 0.25 03 0.35 0.4
(Fig. 2 gives the value AedhkT/7¢y, where dg ’ ' V.V ’ ‘
=[2ee0po/€*(N;— Ng4)]¥?is the width of the space charge ’
region atV=0. Assuming for our estimate,~E4=0.09 eV . _ b
(the value ofEy was found from the optical transmission n 4 p
curve of the substrateand (N,—Ng)=p=2x10%cm 3,
we obtaindy=3x10"°cm. For the investigated diodes
=5x10°cn?, and for E;=0.09eV at 80K n;=10" E,
cm 2 (Ref. 3. In Eq. (1) the only unknown quantity is there- /

I=A

200

pA

fore the lifetimer, which must be set equal t0>610 %s in

order to obtain agreement with the experimental dependence ‘

(for V<0.1V in Fig. 2. This value is close to the value for 0N

7in HgCdTe, which was subjected to ion etchfhg.
The deviation from a straight line in Fig. 2 faf>0.1V y

can be explained by the drop of part of the voltage applied to X X,

the diode on the resistané®, connected in series with the X

p—n junction. Such a resistance is always present in a diod IG. 3. Current—voltage characteristic of a HgMnTe diode in the region of

structure. This S_hOWS up, in particular, in the fa_Ct thfat fOrlarge direct currentéa) and energy-level diagram of a diode structure based
large forward biases, when the contact potentigle is  on HgMnTe(b).
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2. The value oRy=AV/Al found from the slope of the substrate cannot substantially alter its conductivity since its
rectangular segment in Fig. 3a is equakt@80 (), which is  resistivity is relatively small.
close to the value of the resistance between the two ohmic
contacts to the substrate. Although the differential resisy revERSE CURRENTS
tances aiv=0 for different elements of the photodiode ma-
trix can differ considerablyin the limits (0.3-1)x 10° Q] One possible mechanism of charge transport under re-
for large forward currents the values Bp=AV/Al nearly ~ Verse bias of thep—n junction is generation in the space
coincide. Thus, the resistan found from Fig. 3a is the charge region. If the levels involved in generati@uch as

resistance of the substrate. The voltage drop adRgsalters ~ '€combination under a reverse Dieare located near the
the dependenck(V), but has a noticeable effect only in the middle of the band gap, the reverse current in an asymmetric

. . 0,11
regionV>0.2 V. In order to move the experimental points in p—n junction'®*is
Fig. 2 for voltages somewhat greater th@m the order of end VE,2—eV— JE,/2
0.1V to the straight line, the series resistance should be lge=A : <, )
T \/(,Do_ev

roughly two orders of magnitude greater tHag=280Q). It
must be assumed that the investigated diode structure com#ere the last factor takes into account the nonuniformity of
tains a layer whose resistance greatly exceeds the substrageneration in the space charge region. As can be seen, the
resistance, and that its conductivifiye., that of this layer  current calculated for low bias voltages is less than the mea-
grows considerably at large forward currents. sured current by roughly an order of magnitude, and for large

The observed features of the-V characteristic are ex- biases—it is less than the current by several orders of mag-
plainable if for the investigated diodes we posit an energyfitude. The character of the dependen¢¥) also differs
level diagram corresponding torsl —p~ — p structure simi-  qualitatively: the calculated current increases Witisublin-
lar to the one formed under ion implantation prHgCdTe  early, and the measured current increases superlinearly.
(Ref. 12 (see Fig. 3h As is well known? the conductivity ~There is reason to assume that the reverse current of the
of p-HgMnTe (and likewise p-HgCdTe is mainly deter- investigatedp—n junctions is governed by tunneling pro-
mined by mercury vacancies, which act as acceptors. As 8€SSes. The expression for the reverse current for an abrupt
result of ion etching, there arises on the surface of the crystdl —n junction, in which the maximum intensity of the elec-
an excess of Hg atoms, which by diffusing into the interiortric field is equal to 2f,—eV)/ed, can be represented for
of the crystal fill the Hg vacancies, thereby compensating fofnterband tunneling in the forhf
the acceptors. In the surface layer the concentration of excess e \/Z_mr
Hg atoms is large, which leads to strong overcompensation Iy,,= yA————-—
of acceptors and a change in the conductivity type of the 27 h By do
material @ layer, 1-2 um). Although the concentration of — 32
diffused Hg atoms decreases monotonically with distance Xe F{— 4 mreeo By
from the surface, the Fermi level in some interval of varia- 37 (Nya—Ng) Y2 Joo—eV '

where m,=mim}/(me+mf) is the reduced mass of the

tion of the Hg concentration is fixed at the level of the re-
electron and the hole, angl is a constant which does not

(QDo_eV)SIZ

©)

sidual acceptors{10®°cm 2 in HgCdTe, Ref. 12 As a

result, an extendetb—10 um) layer of p-type conductivity  genend orv and is introduced as a fitting parameter to com-
with hole density less than in the substrdfe layen is  hare \ith experiment since expressi® assumes that the
formed. Under a forw+ard bias the current is governed by ectric field in thep—n junction is uniform and that its
recombination in then” —p~ junction; however, with in-  inensity is equal to the maximum intensity of the field in an
crease of the bias, part of the applied voltage drops across ”é%ymmetric junction 2¢,—eV)/e?d [for y=1 formula (3)
high-resistance ~ layer and growth of the current with the oyerestimates the currgntn Fig. 4a the measured and cal-
voltage “falls behind” the dependende-exp@V/2kT) (the  cyjated dependences of the current on the voltage are plotted
segmen/=0.1-0.2V in Fig. 2. The injection of electrons in coordinates which, according to E¢B), should give a
into thep™ layer occurs at the same time as the recombinastrajght line. It can be seen that ) describes the experi-
tion in then™—p~ junction (diffusion current of minority  mental dependence ¢{V) only for relatively low reverse
carrierg, which can decrease its resistar(dethe diffusion  piases|Vv|<0.3V (to “match” the calculated and experi-
length of the electrons is comparable with or greater than thenental dependences it is necessary toyse.32). For larger
thickness of thep™ layen. If the lifetime of the carriersis  voltages the experimental points deviate noticeably upward
known, the diffusion length of the electrons can be found agrom the obtained values of the calculated reverse current.
Lo=(D,7)% whereD, is the diffusion of the electrons, This may be due to impact ionization of the atoms of the
which is related to their mobilityu, by the relation crystalline lattice, which leads to a multiplication of charge
eD, /kT= u, (for a nondegenerate semiconductor, which thecarriers. Of course, after tunneling an electron, like the newly
p~ layer i9. Assumingu,=10°cn?/(V-s) atT=80K, we  formed hole, finds itself in a region where it is under the
obtainD,,=700cnf/s andL,=(6—7)x10"?cm. Sincel, influence of a strong electric field and can therefore partici-
greatly exceeds the thickness of ghe layer, its conductiv- pate in avalanche processes. This conjecture is confirmed by
ity under electron injection is modulated considerably, i.e.the curves plotted in Fig. 4b, which plot the voltage depen-
the resistance is decreases. The electrons injected into thedence of the photocurrem, arising under infrared irradia-
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100 [ g charge region in such a structure is located in the high-
o
o]

resistancep” region, we should sefl,— Ng=10"cm 3 in
formula (3). However, in order that the slope of the line in
Fig. 4a coincide with the experimental dependence it is nec-
essary to seN,—Ng=(1—2)x10%cm 3. The contradic-
tion is eliminated if we adopt the model according to which
tunneling in diodes occurs with the participation of deep im-
purity levels(defect$.3® In this case, in formul&3) we must
replaceE, by a smaller quantity, and then to preserve the
necessary slope of the rectilinear segment in Fig. 4a we must
correspondingly decreade,— Ny . For example, if tunneling
takes place through levels located in the middle of the band
gap, then we must decreallg— N by a factor of 2=8. Of
course, this change iN,— N4 must also be taken into ac-
count in the expressions for the generation—recombination
currents(1) and (2). However, this does not introduce any
major changes in the estimates for the lifetime and the dif-
fusion length of the carriers since we must replage=Eg4

by ~3 times this value as the width of the space charge
region is increased.

(- eV)*?

6. CONCLUSIONS

lon etching ofp-Hg;_,Mn,Te has been used to obtain
n*—p~ —n structures with stable rectifying characteristics.
The forward current of the investigated diodes is governed
by carrier recombination in the space charge region. Its volt-
age dependence for largéincludes a voltage drop on the
p~ layer, whose resistance decreases with growth of the cur-
FIG. 4. a — Comparison of calculation based on form@ with the  rent. The reverse current for low bias voltages is produced by
experimental voltage dependence of the reverse culivent voltage depen- tunneling processes, and it grows further as a result of the
dence of the dark currey and the photocurrerg,. avalanche processes as the bias voltage is raised.

*)E-mail: oe-dpt@phys.chsu.cv.ua
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The drag current for ionization of a shallow impurity by a strong electromagnetic wave in a
semiconductor superlattice is found. It is shown that at low temperatures, when it is possible to
ignore the equilibrium carrier density, the dependence of the drag current on the intensity

of the electromagnetic wave is nonlinear and it oscillates with growth of the intensity of the
electromagnetic field. These oscillations are a consequence of the many-photon character

of absorption of the electromagnetic wave by the impurities and also of nonparabolicity of the
energy spectrum of the superlattice. A comparison is made of the contributions to the

drag current from the anisotropic part of the impurity ionization probability and from its isotropic
part, with allowance for modification of the distribution function by the electromagnetic

wave. It is found that forhw<A (A is the width of the conduction minibahthe main contribution

to the drag current comes from the isotropic part of the ionization probability19€9

American Institute of Physic§S1063-7829)00912-

The drag current of conduction electrons in semiconductois the transitionionization probability per unit time,
superlatticeSL’s) due to electromagnetic wavéEMW'’s)

(both monochromatic and solitarhas been considered in a =g
number of paper§:* In Refs. 5—7 the drag current in a ho-
mogeneous semiconductor was found for two- and three- . I . .
photon interband absorption of light. lonization of impurities Is the effective Hamiltonian for the interaction of the elec-

in the superlattice, on the other hand, and its contribution tgromagnetic wave with an electron in the conduction mini-
the drag current have been examined in less detail. In Ref. gand,

e+ SA(t)) ~(p) @)

the drag current caused by electromagnetic solitons in a su- N d
perlattice was found with allowance for only the anisotropic ~ ¢(p)= R 1—004 Pz ) (4)
nature of the probability for ionization of the impurity for 2m 2 fi

one-photon absorption. As we will show below, when the; L thi L Lo
conditionsa/\ <1,eEd%w =1, andiw/A <1 are satisfied 'S the eIeActror? energy |r_1 this banp=1k is t_he quasimo
(ais the Bohr radius of the impurityy is the wavelength of mentum,plz —12V, A(t) Is the vector .potent.lal .Of the elec-
the electromagnetic wavé is the electric field of the elec- tromagnetic waveh oy n=e(p)+1,, I is the ionization en-
tromagnetic waveg is the frequency of the electromagnetic €'y of thenth impurity level, andk) and|n) are the wave
wave, A is the width of the conduction miniband, aads the  functions of the electron in the conduction miniband and in
electron charge the anisotropic part of the ionization prob- the bound state on the impurity.

ability of the impurity can be disregarded, but the variation  In the kinetic equation we have dropped the term with
of the electron distribution functiori(p,t) caused by the the spatial derivative since the mean velocity of the electrons
field of the electromagnetic wave should be taken into acis significantly less than the velocity of the electromagnetic
count. If the condition®Ed<A and7/7,<A are satisfied wave, and the mean free path is significantly less than the
(7p is the mean relaxation time of the electrpns is pos-  wavelength of the electromagnetic wave. We find the solu-

sible to solve the problem in the semiclassical and onetion of Eq. (1) by the method of characteristfcs
miniband approximation. We write the kinetic equation for

the distribution function in the form 1 [t =t o ,
f(p,t)=T—f e 7 fo(p'(t',p.t))dt
P

of _af  f—fg

f
—+F —= +NG(p)— —, 1 t t—t’

at ap Tp oG(P) T @ +No f G(p/(t';p,t))e” = dt’, (5)
whereF=—eE— (e/c) vXH, fo(p) is the equilibrium dis- - . _

tribution function,N, is the impurity concentration, and is ~ Wherer= 7,7 /7,+ 7., andp’ is found by solving the equa-

the mean electron and hole recombination time. tion of motion
) d T “ : dp’
G(p)=lim —=| [ (k|H'|n)e " 'ktdt|? (2 L:F(v’,t’) (6)
T AT ) dt’

1063-7826/99/33(12)/4/$15.00 1297 © 1999 American Institute of Physics
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with the initial conditiont’ =t, p’ =p. Let a monochromatic Here Jy(b) is the Bessel function ofsth order, b

electromagnetic wave propagate perpendicular to the supet= (ed/fic) Ap=eEyd/hw, andV is the volume of the crys-

lattice axis: A,=Ajcoswt—kX), E=-—1/lc 9A/dt, H tal. From this expression it can be seen that the terms of the

=curlA. Solving the equation of motio(6) and taking into sums correspond to contributions from multiphoton

account thav/c <1, we find ionization? In an exact calculation of the transition prob-
ability (not in the dipole approximatigrthe denominator of
the first factor of this expression contains terms of oalex,

p.=p,— S(Az(t,)_Az(t))a which can be ignored whea/A <1. The drag current is
p;=px—A2—f 2sirF(%;—f(Az(t'>—Az<t>>] e ,
Jx=-— Ej f(p,t)p«dp, €)
xcos@—sin[ij(A (t"—A (t))]sinpé—d} (7)
f hc 7 z f
(x is the high-frequency dielectric constant wherem is the effective mass along theaxis. Substituting

For G(p) in the dipole approximation in the case of a the distribution functior(5) in Eq. (9) and interchanging the

hydrogen-like impurity(in the ground stat¢0)) we obtain order of integration and transforming to new variables in
the expression accordance with Eqg7) and then averaging the expression

so obtained over one period of the electromagnetic wave, we
find the constant component of the drag current

&(p)= 327%a’A?
P V(1+a%k?)*h?
Pd < - _ “ 3(b)
X|co$ T 2 b sl 250) h=| 13023, ——— | (i +jPd,(b)),
s=11+(sw7)
pzd e (10)
i == 2 Bea(b) S (25 Do) |.
(80  where
|
- X sir? x cosx dx
@u0)=[ 3, D00 | . —
$=0 —Xg 14 2ma st 1) A 1 | +a 2
22 (2s+1) w—E( —COSX)— @X
- ' cos x dx
+3 Bmocn [ . — a1
s=1 —Xg 2ma sk A 1 | as ,
2 S w_E( —COSX)— +¥x
|
where the braceq } denote the integer part of the numbeér(x)

is the unit step function®(x)=1 for x=0, ®(x)=0 for
x<0], | is the ionization energy of the ground state,
Xs=2arcsin/é0 (1— &)+ 7O (&~ 1),

[=2arcsin/¢[0(1— &)+ mO (£, 1),
X, =2arcsin/E,0 (1 &)+ mO (£, —1) s AVk 14(B) T

_—e —_— —,
(2s+Dfio—1  2shwo-—| Jo o ome To(B) 7,
fs:Tv fs:Ta

(12

B=AlkgT, ng is the electron density in the conduction
(2s+ D)o , | 2sho miniband in the equilibrium staté,(3) is the Bessel func-
— 1, = -1, : L :
I tion of nth order with imaginary argument, and

Ns=
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2 3,3 0.03
jgz)z B 4meNyA~a 7'\/;. 13 a
cdn®
€ 0.02f
In the limiting caseb— 0 we find )
S
=~ 0.01F
2 — 2.2 2
o j(()l)-l-jgz)l—(eEOd) [ho—1| w°T (eEod> .
Al o A |1+ 022\ o 0 ! L
(14 0 5 10 15
b
If the inequality 0.03
b
_ ol Jho—1[eEyd)\? € 0.02f
ng>>182)§ AV (19 )
S)
_ = 0.01F
is satisfied, then the drag currept~ Eg (the drag current
depends linearly on the intensity of the electromagnetic
wave. This is a well-known result of the linear theory of the 0 L L
photoelectric effectRef. 12.2 The inequality(15) is satis- 0 5 10 15
fied at those temperatures at which the impurities are almost b
completely ionizedfor shallow impurities this temperature g, 1. pependence of the drag currgpk® on b=eEyd/fw for fw=|
is on the order of 100K If the inequality =0.01eV (@ andfw=0.5=0.005eV (b).

, ol Jho—1 [eEyd\?
PN

multiphoton transitions grows, the drag current can be found
by numerical integration. Figure 1 shows two graphs of the

is satisfied, then the drag curreft-Eg; i.e., the drag cur- variation ofj, /j{?) as a function ob= e E,d/% w for wr=10
rent is proportional to the square of the intensity of the elec- ~ R a1 a2
tromagnetic wave. This is explained by the two-step natur nd a/d=1, a_—zlo cm, A=10""eV, I—l_O .eV, 7“"_
of the formation of the current: by ionization of the impurity — (1~0-5)X 10" eV, constructed by numerical integration.
and subsequent entrainment of carriers by the electromad"om these graphs of the variation of the drag current it can
netic wave. As can be seen from E@0), the first factor of b€ seen that the current oscillates with growthbofSuch
this expression oscillates with growth bf the factor multi-  behavior of the drag current is explained, first of all, by the
plying ng> also has an oscillatory character. Bsl, o7>1  multiphoton character of ionization of the impurity by the
andfiw>1, hw—I<A it is possible to give the following electromagnetic wavE:'* The multiphoton character of ab-
estimate for the drag current: sorption under these conditions must be taken into account
for intensitiesJ= 10" W/cn? . But in addition to multiphoton
absorption, the first factor in expressi¢h0), which oscil-
J%(b) [ lates and asymptotically approaches unitpas, also con-
PR K(P(b), (17)  tributes to the drag current. These oscillations are caused by
the nonparabolic character of the electron energy spectrum of
the superlatticéthe electron velocity decreases at the top of
the minibang. Thus, the oscillations of the drag current are
caused by multiphoton absorption of the electromagnetic

b=b,, whereby is the first zero ofl,(b). Such behavior of wave and by the nonparabolic character of the electron en-
— VM 1 1 .

the drag current is explained by the fact that acted on by th&"9Y spectrum ,Of the superlattice. The decrgase in the ampli-
electric field of the electromagnetic wave the electrontude of the oscillations of the drag current with growth of the

traverses the entire conduction miniband and its velocityield of the electromagnetic wave represents, in our opinion,
near the top of the miniband vanish@orrespondingly, the @ phenomenon related to the above-mentioned stabilizationof
magnetic component of the Lorentz force also vanishe&n atom in a laser fieldTo compare the contributions to the
therg. In the caseb=1, when the contribution from drag current from the anisotropic part of the ionization

— 2
I~ 31671 38(b))

where ¢(b)=3%_, J%(b)/s? =1/w7? (2/m [ T23o(2bcog)
dt— w/lZJé(b)) (Ref. 11. We thus see that the current at
first grows, and then decreases with growthbofanishing at
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probability and from its isotropic partwith subsequent . vV 8eN,rA2aq
modification of the distribution function by the electromag- j;*:eNOT—SJ Ay, d3k=— —dCDZ(b),
netic wave, we find the anisotropic part of the ionization (2m) mi

probability G§ and the drag current where

h A X
. o (2s+1) (25+1)|—w—1—|—sin2§)sin2x dx
R R R - s
S _ _ _ 2
{ ( 2 ) (2s+1)hw 2(1 cosx)—I +d2x
h A X
. 25( 2502 -2 sin2—>cos2 x dx
+3 3 (ta)(n')fxé | S
s=1 2s s —Xg 2ma? och A a’ > >
P S w—E(l—cosx)—l +¥x
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The characteristic features of the formation kinetics @Sjrlayers on indium arsenide substrates

by heterovalent substitution are studied. The activation energies of two steps in this process

are separated and determined. The variation of the position of the Fermi level on an InAs surface
during treatment in sulfur vapor is recorded by measuring the thermodynamic work function

using the Kelvin probe method. @999 American Institute of Physid$1063-7829)01012-1]

The use of IlI-V semiconductor compounds to createzone (its influence on the layer formation kinetics is insig-
field-effect devices is restricted by the high density of sur-nificand, the heterovalent substitution reaction is presumably
face electron states existing in these compounds. A technoén equilibrium process. Therefore, segmehB of the
ogy for passivating the surfaces of Ill-V compounds inIn(d?)-versus-IKT curve can be described by the van't Hoff
chalcogen-containing media has found application in lowerequation. Since the amount of indium sulfide is proportional
ing the density of surface electron states and, thus, in depirie the thickness of the layer, the equilibrium constant of the
ning the Fermi levet.In this paper we report the results of an reaction can be expressed in terms of the thickness of the
experimental study of the passivation of an InAs surface as kyer d. We can then write the van't Hoff equation in the
result of treatment in sulfur vapor. form

When GaAs and InAs substrates are annealed in sele- AH
nium or sulfur vapor in a quasiclosed vessel, thin films of  In(d?)=InA— —, 1)
[I-VI compounds are known to form on their surface as a KT
result of heterovalent substitution of the chalcogen for arwhereA is a coefficient, which depends on the concentra-
senic atoms in the anion sublattice of the substratedn the
basis of the results in Ref. 4, the sulfur vapor pressure was
held atP=10"2? Pa, the substrate temperatufie)(was var- 5
ied in the range 453523 K, and the treatment time was 0°r
varied from 10 to 45 min. The thicknegd) of the In,S;
layers formed was determined ellipsometrically using the
method described in Ref. 5 and monitored according to the
images of cross sections obtained in a scanning electron mi- 4 B
CroscopeSEM). 10

The values of the thickness of the,8 films formed
with various values oT ¢ at a fixed time in the process were ~
obtained during the measurements. The slopes of the differ- o<t
ent segments of the plot afi?=f(1/kT,) constructed in
semilogarithmic coordinateéFig. 1), which describes the
temperature dependence of the rate of formation of the
layer® were used to calculate the activation energies corre-
sponding to the two stages of the process. They Eye
=3.29 eV/atom for segmemtB and E,=1.47 eV/atom for
segmentBC. The error in the estimation of the activation
energies was determined by the errors in both the direct mea-
surements of the substrate temperature and the ellipsometric C
measurements and amounted to about 10%.

Since the concentrations of the reactants can be consid- 10 L L L L
ered unrestricted and independent of the variatiom oin 21 22 23 _124 5
the initial stages of the treatment and since the arsenic 1/ kTg, (eV)
evolved during the heterovalent substitution reaction in the: g 1. pependence of the square of the thickness of g8 layer formed
vapor phase can be assumed to be removed from the reactioman InAs surface on substrate temperature.

~"10°
S

102 =
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tions of the reactants and the rate constants of the forward 5k
and reverse reactions at infinite temperature, Altlis the 4951
heat of reaction.
The equation of the heterovalent substitution reaction in > &9 ?F\\)m e .
the InAs—S system has the form M
3S,+4InAs—2In,S;+As,, (2) 48

1 1 1

i.e., the heat of the heterovalent reaction should correspond ‘/.751L
to the difference between the enthalpies of indium sulfide 57 ! L L !
and indium arsenidéhe enthalpies of elemental sulfur and 0 200 400 600 800 1000 1200 740

arsenic are equal to zeravhich amounts to 3.49 eV/atom in d, A

the present case and is close to the value of the activationg. 2. bependence of the thermodynamic work functicm the thickness
energyE, corresponding to segmeAB of the experimental of the InS; layer.

plot of d?=f(1/kT) (Fig. 1). This allows us to conclude that

the heterovalent substitution process is determined by the

endothermic chemical reaction described by Ej.in the  of the Fermi level from 0.13 eV above the bottom of the
initial stages of the process. conduction atl=0 nm to values roughly 0.08 eV below the

Reactions in heterogeneous systems generally take plat®ttom of the conduction band at thicknesses greater than 50
in several consecutive steps, and the rate of the overall read. Since the latter value corresponds to the position of the
tion is determined by the rate of the slowest stépthe case  Fermi level in the bulk of the indium arsenide usédEa-3
of our heterovalent substitution process, at least two steps ateAs) at 300 K, it may be concluded that the Fermi level on
possible: the InAs surface is depinned as a result of treatment in sulfur

a) the heterovalent substitution reaction on tieAs  vapor. The subsequent increase in the thickness of & In
solid phase)/{gaseous sulfyrinterface (segmentAB in layer formed is accompanied by gradual lowering of the
Fig. D); measured thermodynamic work function, and da (30

b) the diffusion of sulfur through the §; layer. —40) nm it reaches 4.9 eV. This decrease in the thermody-

In fact, as was shown in Ref. 3, when the thickness ofnamic work function is associated with an increase in the
the In,S; layer exceeds 500 A, the diffusion step determinesdegree of screening of the electric field by charges in the
the rate of the total heterovalent substitution reactions; i.eindium sulfide layer formed. At layer thicknesses exceeding
segmentBC of the plot ofd?=f(1/kT) (Fig. 1) can be de- the generalized screening lenttf? the measured values of
scribed by the Arrhenius equation expressing the temperatupe correspond to the thermodynamic work function ofSg.
dependence of the diffusion. The value of the activation en-  Thus, the brief treatments of an indium arsenide surface
ergy obtained from the slope of this segmént=1.47 eV/ in sulfur vapor during times corresponding to the formation
atom is close to the value of the activation energy for theof an indium sulfide layer with a thickness much smaller
diffusion of sulfur in InS; reported in Ref. 8E=1.51 eV/  than the Debye screening length and with the corresponding
atom). tunneling transparencfthe latter was analyzed by compar-

It is known from the data in Ref. 9 that the Fermi level is ing the current-voltage characteristics of metal/InAs contacts
pinned at 0.13 eV above the bottom of the conduction bandefore and after the treatmentvhich were studied in the
in InAs. Depinning of the Fermi level was demonstrated onpresent work, and prolonged treatments accompanied by the
the basis of an analysis of the capacitance-voltage Y) formation of a semi-insulating }$; layer, which provides
characteristics of Al/lsS;/InAs MIS heterostructures in Ref. for the formation of MIS heterostructures based on the
3. However, at thicknesses of the$ layer less than 300 A In,S;—InAs systent lead to depinning of the Fermi level on
the high level of the leakage currents precludes recording thihe indium arsenide surface, which is attributable to lowering
C—V characteristics of heterostructures of this type. Weof the density of surface electron states within the known
have therefore measured the variation of the Fermi level bynodels!® We note that the growth kinetics undergo a change
the Kelvin-probe method. The external contact potential dif-with the passage of time from kinetics limited by the reaction
ference was measured using the device described in Ref. X8te on the interface to kinetics limited by diffusion of the
with a vibrating platinum electrode. The result of each mea+eaction components through the,3 layer. This should
surement was the difference between the work functions odead to a change in the concentration gradient of the reaction
platinum and the sample surface. components across the thickness of thgSinayer and, ac-

It follows from an analysis of the dependence of thecordingly, to a change in the sulfur and arsenic concentra-
thermodynamic work function of the sample on the thick-  tions at the interface. Since the Fermi level on the InAs sur-
nessd of the In,S; layer formed(Fig. 2) that without treat- face is depinned regardless of the thickness of the sulfide
ment in sulfur vapor, i.e., in the case of a substrate which hakyer, it can be assumed that the surface electron states in
undergone only chemical polishing, the Fermi level on thelnAs are not associated with an excess or deficiency of sulfur
InAs surface is, in fact, pinned at 0.13 eV above the bottonor arsenic at the interface. It was shown in Ref. 14 that after
of the conduction band. The course of th@d) curve in the the treatment of gallium arsenide in various chalcogens, a
initial treatment stages corresponding to the formation ofayer with a crystallographic orientation differing from the
films with a thickness up to 100 A corresponds to variationorientation of the GaAs substrate forms on its surface. This is



Semiconductors 33 (12), December 1999 Bezryadin et al. 1303

attributed to reconstruction of the gallium arsenide surface®B. I. Sysoev, N. N. Bezryadin, A. V. Budanov, and Yu. K. Shlyk,

during its interaction with the chalcogen. Such a state of theAMikroelektronikalg, 591(1(;490. . ’ .
GaAs surface is stabilized by a pseudomorphic layer of the iglai:o)(/soﬁgbrl\ld T\A;Zg{g)'”ég(\iégg anov, T. V. Prokopova, and B. L.
GaSe; type formed during the treatment in the chalcogen. ss”a. Titov, V. D. Linnik, and B. I. Sysoev, Prib. Tekhk&p., No. 4, 125

As a result, the interface remains reconstructed even after it(1994. ) o
is formed. Thus, the escape of electron states from the bal’l(ef- Barret,Cinetique Heerogene[Gauthier Villars, Paris, 1973; Mir, Mos-

. . . cow, 1974.
gap to the GaAs surface is explalned by analogy with the7B. F. Ormont,Introduction to the Physical Chemistry and Crystal Chem-

familiar mechanism for a GaAs surface cleaved in a jstry of Semiconductorfin Russiai, Vysshkaya Shkola, Moscow, 1973.
vacuum®3* Similar reconstruction was observed in the case®N. Kh. Abrikosov, V. F. Bankina, L. V. Poretskaya, E. V. Skudnova, and

of the treatment of indium arsenide in sulfur vapor when S-N. ChizhevskayaSemiconductor Chalcogenides and Alloys Based on
| /InAs het truct btained bv het | bThem[in Russian, Nauka, Moscow, 1975.
nS;/InAs heterostructures were obtained by heterovalents; '\ ‘gaier, L. Koenders, and W. Monch, Solid State Comn8).327

substitution! Thus, the depinning of the Fermi level and the (1986. ;
corresponding lowering of the electron density of states ori’l. Yu. Butusov, V. V. Kryachko, I. E. Lobov, and V. V. Kotov I&tron.

an indium arsenide surface treated in sulfur can also be a@l—gr‘:mé'yggé \f‘;ga bllégg?horov Fiz. Tekh. Poluprovodn18ss (1672

sociated with rearrangement of the atoms on its surface rela—[Sovl Phys. Semicond, 1603(1973].
tive to their configuration in the bulk of the crystal during the 12v. E. Lashkarev, Izv. Akad. Nauk SSSR, Ser. Fif(2), 203 (1952.
interaction with sulfur. 1Bw. E. Spicer, J. Lindau, P. Pianetta, P. W. Chye, and C. M. Garner, Thin
Solid Films56, 1 (1979.
' 1B, I. Sysoev, N. N. Bezryadin, G. I. Kotovr, B. L. Agapov, and V. D.

'V. N. Bessolov and M. V. Lebedev, Fiz. Tekh. Poluprovoda, 1281 Strygin, Fiz. Tekh. Poluprovodr29, 24 (1995 [Semiconductor®9, 12

(1998 [Semiconductor82, 1141(1998]. (1995].
2B. S. Sysoev, V. D. Strygin, E. I. Chursina, and G. I. Kotov, Izv. Akad.

Nauk SSSR, Neorg. Mate27, 1583(1991). Translated by P. Shelnitz



SEMICONDUCTORS VOLUME 33, NUMBER 12 DECEMBER 1999

LOW-DIMENSIONAL SYSTEMS

Effect of anisotropy of band structure on optical gain in spherical quantum dots based
on PbS and PbSe

A. D. Andreev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

A. A. Lipovski

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted January 11, 1999; accepted for publication May 20,)1999
Fiz. Tekh. Poluprovodr33, 1450—-1455December 1999

Results of an experimental and theoretical study of the optical absorption spectra of spherical
guantum dots based on PbS and PbSe are presented. A rigorous theoretical analysis of

the energy spectra and optical transitions is performed within the framework of the four-band

k-p approximation with full account of the effect of anisotropy of the band structure. It

is shown that strong anisotropy of the band structure of PbS and PbSe leads to the appearance of
optical transitions that are forbidden in the isotropic approximation. These transitions were
detected in the optical absorption spectra of the investigated quantum dots99®American

Institute of Physicg.S1063-782809)01112-9

1. INTRODUCTION served optical transitions, including transitions which are not
described in the isotropic approximation or within the frame-
Glass matrices with semiconductor quantum dots are ofvork of the model proposed earlier in Ref. 3.
interest in connection with the fundamental properties of
low-dimensional structures and the effect of quantum limita-
tion on optical transitions. The dependence of the energy of: SYNTHESIS AND EXPERIMENTAL STUDY OF QUANTUM
these transitions on size makes it possible to “tune” such ors
glasses to the wavelength of a source under the condition To form semiconductor quantum dots in the phase decay
that this wavelength exceed the band gap for the bulk semisf a supersaturated solid solution, we used a recently devel-
conductor. In the case of a narrow size distribution of theoped BO—Na,0-ZnO-AlR-Ga0; glasé® doped with
ensemble of quantum dots, resonant tuning is possible. ThebS or PbSe. The glass was synthesized at 1100 °C, with
main body of studies of quantum dots formed in glass maglass-transition temperatufig;~ 380 °C. We used the tech-
trices has been devoted to quantum dots based on widebanijue of synthesis from a feedstock. After synthesis and
[1I-VI semiconductors whose band gap corresponds to thguenching at room temperature, the glass samples had a
visible range of wavelengtHsRecently, glasses with quan- slightly yellowish color, typical of lead-containing glasses.
tum dots based on narrow-band semiconductors of the typeeat treatment of the synthesized glasses at 390—-400 °C lead
IV-VI have been synthesized, and the energy structure ofo a change in their coloration to a color ranging from brown
these quantum dots has been modéi@dn particular’ the  to black, depending the duration and temperature of the an-
energy spectra and matrix elements responsible for opticaleal. X-ray diffraction studies and transmission electron mi-
transitions in PbS and PbSe quantum dots were calculatedroscopy of the annealed glass samples demonstrated the ex-
These calculations used the isotropic approximation, and anstence of spherical PbS and PbSe quantum dots with
isotropy effects were taken into account only within thedimensions varying from 2 to 15 nm for various conditions
framework of first-order perturbation theory. However, as isof heat treatment. The estimated width of the size distribu-
shown in the present work, anisotropy of the band structuréion of these microcrystals for the sample with the narrowest
has a substantial effect on the optical properties of quantursize distribution of the quantum dots wa$—7 %. Such a
dots based on lead sulfide and lead selenide and, consearrow size distribution of the quantum dots in a glass matrix
quently, it should be taken into account in a full treatment. is quite unique, with the exception of the glass samples with
In this paper we present results of a theoretical and exquantum dots described in Ref. 2. Usually distributions of
perimental study of the energy structure and optical transisuch width can be obtained in the formation of quantum dots
tions in spherical quantum dots based on PbS and PbSe. Wy chemical synthesfsThe optical absorption spectra of an-
show that taking the effect of anisotropy fully into account nealed samples of glass matrices with PbS or PbSe quantum
provides a satisfactory description of the experimental optidots were measured in the wavelength range 350—3500 nm
cal absorption spectra and allows one to identify the obat room temperature and at liquid-helium temperature. The

1063-7826/99/33(12)/5/$15.00 1304 © 1999 American Institute of Physics
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narrow size distribution of the quantum dots made it possibleerm corresponds to the isotropic paend the second term

to observe the optical absorption peaks corresponding tdescribes the anisotropy of the dispersion relation of the en-
various quantum transitions even at room temperature. Thergy versus the momentub(k):
measurements at liquid-helium temperature demonstrated the

presence of narrow optical absorption peaks corresponding = f2k? h
to the narrow size distribution of the quantum dots. Increas- 2 om m_op‘fk
ing the duration of the anneal led to a shift of the optical N 1)
absorption spectra of the samples from spectra of unannealed ~ '*°" h Pok Eq #%K* |
glasses(glasses that had not been subjected to heat treat- Fo 7 2 2m™
men) to spectra characteristic of bulk crystals of PbS and
PbSe.
where
3. MODELING AND COMPARISON WITH EXPERIMENT P2=(2P2+ P?)/3, )
To calculate the energy levels and wave functions of the
electrons and holes in a spherical quantum dot, we used the 1 1| 2 1
four-bandk-p model, which takes into account the anisot- -~ 3 F+ m= ; &)
ropy of the dependence of the energy on the quasi- ! !
momentum and quite accurately describes the energy bangis the Pauli matrixk=—i d/dr , E is the band gap of the

structure near thé point.”®

This model takes into account pulk semiconductorsm,” and mP™ are the transverse and

the interaction of the valence band and the conduction bangpngitudinal effective masses for the electrdns) or holes
which is important for a calculation of the energy levels of () P, and P, are the transverse and longitudinal matrix

spherical quantum dots in the isotropic approximafioie
used thek-p expansion near thie point since the minimum

The effective Hamiltoniai of the four-bandk-p model can
be represented in the forid=H,¢,+H,,, Where the first

2

—(k?—3k2) 0
2my,
h2
0 —(k?—3Kk32)
. 2my,
an
H3"=
" p—P)k P,—P)k
Ho( 1— Pk, m—o( i—P)
" p—P)k P—P)k
m—o( — Pk, m—o( 1—P)

wherek. =k, *ikq, p;=P;—P, pj=P,—P, and

1_1(1 1)
my 3\me om0

spherical quantum dots, i.e., the eigenfunctions of the Hamilf
tonianH, can be represented in the form of a superposition

(5

of eigenfunctionga) of the HamiltonianH;s,;, correspond-

ing to the isotropic band structure

\I’=§ C,la),

(6)

elements of the momentum between the Bloch wave func-
tions of the conduction band edge and the valence band

of the conduction band and the maximum of the valencganalogous to the Kane matrix element for -V semicon-
band of PbS and PbSe are found at thpoint of k space.

ductors, zis the coordinate in th¢l11) direction, andm, is
the free electron mass. The anisotropic part of the Hamil-

tonian has the form

" P—P)k
m_o(l )z

h
m_o(Pt_ P)k+

2

k2—3k?)
2m;; ( z

0 —

=Pk
mo(t L
" p—P)k
—m—o( 1—P)k,

0

2

I
It

(k2= 3K3)

the sum is over all states of the isotropic Hamiltonian with

allowance for degeneracy. In this case, for the calculations it
is sufficient to restrict the sui®) to a finite number of terms

that ensures the necessary accuracy in the relevant energy
interval. In the present work we included 42 terms in the sum
) ) ) (6), which provided a relative accuracy better than 0.1% in
The wave functions of the carriers localized at they,q caicylation of the energy levels and matrix elements of

he optical transition.

In the isotropic model each stdi®) of the electrons and

holes in a spherical quantum dot is characterized by four
quantum number$ja)=|j,m,v,n,), wherej andm are the
total angular momentum and its projectiam, is the radial
quantum number, and denotes the parity of the state. The
coefficientsC,, in expansion6) and the energy levels in the
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spherical quantum dot can be found numerically as the solu- PbSe QD, T=12 K, a=30 A

tion of the problem of eigenvalues and eigenvectors of the isotropic anisotropic
matrix H,z= 8,4E .+ a|Han B), whereHigoy|a)=E,|a) 1.5 [ approximation model
andE,, is the energy of the state.
The wave functions of the isotropic part of the Hamil- 10F
tonianH;,, can be found in a way that is analogous to how
it is done in the solution of the problem of the motion of a
Dirac electron in a central fietd*° 05 *
- - > F T
BIY™.£7.(r)  YM(, ° D
1 f(r) _|(<P) 30.0_ P
lvm ¢y m+1 = I
B2 L(r) YILL(0,9) 3 :
=A" = _im P 0 E hl
=Rl Bgn) Y(6e) " 05T
BY™-gr(f) Y[V (6,e)
-1.0F
Here y=e¢,h denotes the type of carridelectron or hole,
respectively; the integerd andm have been introduced to 15t

simplify the form of the formulas and are expressed in terms

of the quantum numberg m, v: |=j—v/2, m=m-1/2;
A,m is a normalization factor8!"™ are constantsy (6, ¢)

are the spherical harmonit%f; (r) andg;,(r) are the radial

FIG. 1. Energy levels of spherical PbSe quantum dots, calculated in the
isotropic approximatiorthorizontal lines on the leftand with full account

for anisotropy of the band structutkorizontal lines on the right The solid

and dashed vertical lines, respectively, denote allowed and forbidden tran-
sitions in the isotropic approximation. The dotted lines, running from the

components, which are expressed in terms of the BesSglels on the left to the levels on the right, show isotropic states which give

function

b
f(r):\/ﬁJIJrl/Z(kr)_"\/ﬁlHl/Z()\r)y (8)
vC db
g(r)z\/ﬁJle/z(kf)ﬂL \/ﬁluwm(ﬂ)- 9

In expressiong8) and (9), the indicesy, I, m have been
dropped; here it is understood that the quantikes, b, c,

the main contribution to level formation in a spherical quantum dot. Radius
of the quantum doa=40 A, temperaturd =12 K.

where the matrix elementdl,; for the optical transition
between isotropic states and 8 are calculated analytically.
Finally, the square of the matrix element for a given polar-
ization is calculated according to formuld), and then aver-
aged over directions of the polarization vector, where the
distribution over orientations of the spherical quantum dots

andd depend on the quantum numbers and on the energy dif the glass matrix is assumed to be uniform. Note also that

the corresponding IeveEElyVaEE in the isotropic model

E, h2k?
J-E+
) \ﬁ Nt 1(ka) 2 2m..
= — — s C: s
K 1+12(Na) ﬁ—Pk
m
Eq %
d 2 2m, 10
- mP (10
—\
m

Taking the boundary conditions into account,=0 for
[r|=1, and also the explicit form of the wave functiof®—

in the case in which the sum is restricted to degenegi@te
quasi-degenerakestates with given energy in Ed6), we
obtain the first-order perturbation theory result obtained in
Ref. 3. However, this approximation is inapplicable due to
strong mixing of isotropic states with different energies,
leading to a nonzero optical matrix element for transitions
forbidden in the isotropic model.

Figure 1 shows the energy levels of a spherical quantum
well, calculated in the isotropic and anisotropic models. The
ground-state energies in both models are very close. The
anisotropy of the band structure shifts the ground-state en-
ergy insignificantly since we used a set of averaged band
parameters for the isotropic model in the calculatidri?
=(2P?+ P?)/3 and 3™ =2/m;"+1/m;" . The ground state

(9), the energy levels in the quantum dot can be found withirof the electrons and holeghe levelsel, hl; see Fig. 1
the framework of the isotropic model numerically as the so-consists of states with=1/2, v=6, n, =1, the higher levels

lution of the corresponding dispersion relati(3).

The matrix elementga|H,,/3) are calculated analyti-
cally using the Wigner—Eckart theorérand the explicit ex-
pressiong7)—(9) for the wave functionga). The matrix el-
ements for the optical transition between the leveladf in
the quantum dot are calculated using the formula

MHf=EB [CPT*CIM 4, (11)

e2 andh2 consist of states with=1/2, 3/2,v=—6,n,=1
(where#=1 for the electrons ané=—1 for the holes In the
isotropic approximation we have the following selection
rules for the direct optical transition&j=0,=1; Am=0,
+1; v.v,=—1. Consequently, all optical transitions be-
tween the groups of leveksl«— h2 ande2«+hl (the dashed
lines in Fig. 1 in the isotropic model are forbidden by parity.
Analogous conclusions are valid for higher levels. However,
the situation changes markedly in a full account of anisot-
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ropy of the dependence of the energy on the quasirivative of this spectrum allowed us to distinguish five ab-
momentumE (k). The influence of anisotropy reduces to two sorption bands corresponding to optical transitions or groups
effects. First, the energy levels shift and sggiee Fig. L of transitions. The isotropic model and the model used in
Second, strong mixing of the various isotropic states takeRef. 3 can predict only three transitiofsee Fig. 2t since
place. Consequently, transitions that were forbidden in théhe remaining transitions are forbidden within the framework
isotropic approximation are now allowed as a result of thisof these simple approaches. The calculations performed by
mixing. These transitions are observed in the measured alns with full allowance for the anisotropy of the band struc-
sorption spectrdsee Figs. 2 and)3Thus, anisotropy of the ture show that the amplitudes of the “forbidden” transitions
band structure exerts a substantial influence on the opticébeaks2 and4 in Fig. 2) are of the same order of magnitude
absorption spectra of spherical quantum dots based on Pl the amplitudes of the “allowed” transitions. The energies
and PbSe. of transitions1-5, calculated in the anisotropic model, are
Figure 2a shows the measured absorption spectrum dbund to be in good agreement with experimé&ge Fig. 2
PbS quantum dots &t=12 K. Analysis of the second de- The difference between the theoretical results and experi-
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ment do not exceed 20—30 meV, which may be due to thé. CONCLUSIONS

influence of such factors as a deviation from sphericity of the

guantum dots, the influence of a boundary, and also some We have developed a theoretical model which takes full
uncertainty in the values of the band parameters. To estimatccount of anisotropy of the band structure. This model ad-
the influence of nonsphericity of a quantum dot on the ab-equately describes the measured optical absorption spectra of
sorption spectra, we calculated the shift of the energy levelspherical quantum dots based on lead sulfide and lead se-
in a quantum dot in the case where its shape is an ellipsoid dénide and allowed us to identify up to five quantum transi-
revolution with semi-axes; anda,. We have accordingly tions for PbSe and up to four quantum transitions for PbS
used perturbation-theory methods analogous to those dguantum dots. We have shown that optical transitions that
scribed by Migdal! The shift of the energy levels associated are forbidden in the isotropic model turn out to be allowed
with nonsphericity can be represented in the folxf,  for a strict account of anisotropy. Because of the narrow size
= 0,E,D o, Whered,=2(a;—ay)/(a;+a,) is a measure of distribution of the quantum dots, these “forbidden” transi-
the “nonsphericity” of a quantum dot, arfd,, are numerical  tions, which are associated with anisotropy, can be observed
coefficients which depend on the quantum numbers experimentally in the optical absorption spectra of spherical
=(@,mw,n). On the basis of transmission-electron- pys and PbSe quantum dots formed in a new phosphate
microscope measurements we estimated the valdg tf be lass.

=<0.05. The corresponding shift of the energy levels turne This work was supported in part by the program Physics
out to be no greater than 5 and 12 meV for PbS and PbSg; go|ig-State Nanostructure@. A. Lipovskii and A. D.
guantum dots, respectively. Consequently, the influence of Andreey and also by a grant from the Russian Fund for for

deviation of the shape of the quantum dots from spherical OR,ndamental Resear¢frant No. 99-02-16750(A. D. An-
the absorption spectra is much less than the influence of a'@free\)

isotropy of the band structure, and it cannot be the reason for
the appearance of additional transitions in the optical absorp-
tion spectra.
The measured absorption spectrum of spherical PbS
quan_tL_Jm d(.)ts IS ShO\.Nn in Fig. 3a. For PbS the first forbldde_nlD. J. Norris, A. L. Efros, M. Rosen, and M. G. Bawendi, Phys. Re%3B
transition?2 is closer in energy to the second allowed transi- 16347(1996.
tion 3 (Fig. 3 than in the case of quantum dots based on2N. F. Borrelli and D. W. Smith, J. Non-Cryst. Soli@, 25 (1994.
PbSe(Fig. 2. This is because of the weaker anisotropy of zl- Kang and F. W. Wise, J. Opt. Soc. Am. B}, 1632(1997.
the energy band structure of PbS in comparison with PbSe.A' A. Lipovskii, E. V. Kolobkova, and V. D. Petrikov, Electron. Le&3,
: : . 77101(1997.
The ratrler Wld(i peak.and the cor.r_espor!dan plateau consist SA. Lipovskii, E. Kolobkova, V. Petrikova, |. Kang, A. Olkhovets,
of one “purely” forbidden transition with a lower energy  T. krauss, M. Thomas, J. Silcox, F. Wise, Q. Shen, and S. Kycia, Appl.
and several allowed transitions shifted in energy in compari- Phys. Lett.71, 3406(1997.
. . . 6 : H

son with the results of the isotropic model. Note that the 80%56('\1";5?% D. J. Norris, and M. G. Bawendi, J. Am. Ceram. S
isotropic m(_)del gives a transition energy Cor_respondlng 1075 | Mitchel and R. F. Wallis, Phys. Re51, 581 (1966.
peak4 that is 40 meV great_er than the expe”memf’il value.sj o, pimmockThe Physics of Semimetals and Narrow-Gap Semiconduc-
The features of the absorption spectr&s8 in the higher tors, edited by D. L. Carter and R. T. Baté®xford, Pergamon Press,
energy region cannot be interpreted unambiguously for the 1971.
reasons mentioned above. However. we may conclude tha?# D. Landau and E. M. LifshitzQuantum Mechanics: Non-Relativistic
th K K t likel ) (,j ¢ forbidden t heory 3rd ed.[Pergamon Press, Oxford, 1977; Nauka, Moscow, 1974

e wea .pea most likely corresponds 1o a torbl _e_‘n ran- 1oy . Berestetski E. M. Lifshitz, and L. P. PitaevskiRelativistic Quan-
sition while peak8 corresponds to an allowed transition and tum TheonfPergamon Press, Oxford, 1971; Pt. 1 and 2, Nauka, Moscow,
features5 and 6 of the absorption spectrum consists of for- 1968, 1971 o _ o
bidden and allowed transitions. Thus, we were able to ob-A- B Migdal, Qualitative Methods in Quantum Theafy/. A. Benjamin,

. . " . . Massachusetts, 19Y.7

serve and interpret up to four optical transitions in spherical
guantum dots based on lead sulfide. Translated by Paul F. Schippnick
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The dependences of the characteristic superradiance time in quantum well InGaAs/GaAs laser
heterostructures on the pump current, temperature, and cross sections of the active region

are studied by analyzing electroluminescence spectra. The number of dipoles involved in forming
a superradiant pulse is estimated using elementary equations from the theory of superradiance

in two-level systems. A mechanism is proposed for superradiance in semiconductofi9990
American Institute of Physic§S1063-7829)01212-(

INTRODUCTION lasing threshold. Nevertheless, the results have been used to
explain the previously studied behavior of Q-switched injec-

In the last two years, there has been a rapidly growingion lasers:* Vasil'ev® obtained the same results indepen-
interest in resonant interactions of nonequilibrium chargedently.
carriers in semiconductor heterostructures through the com- All of the above experiments were conducted at room
bined electromagnetic field of their recombinationtemperature. Under these conditions, the homogeneous
radiation!~* This type of effect, which results from the small broadening of the line emitted as a result of the collective
distance between the radiating centers compared to the waveesonance, which was described in detail in 1971 for solid-
length of the radiation, has been known for a long time andstate laser$,is concealed by the thermal distribution of the
has been well studied theoretically and experimentally in thecarriers in a semiconductor. At=77 K, however, the pic-
case of solid state lasets’ where it is known as Dicke su- ture is completely different. The distinctive electrolumines-
perradiance. The effect essentially reduces to spontaneoasnce spectral profile of quantum-well heterostructures was
phasing of closely spaced dipoles and their merging into dirst noted by Eliseev and Akimova,but it was not inter-
combined “macrodipole,” whose radiant efficiency is pro- preted correctly. We have made a detailed investig&tion
portional to the square of the number of constituent elementhe emission spectra of quantum wells at 77 K under condi-
tary dipoles. This leads to an avalanche growth in the radiartions such that the spectral distortions are eliminated and
intensity and, accordingly, to production of a short opticaltheoretically justified identifying the spectra with the homo-
burst® geneous line broadening profile under superradiance condi-

The role of this kind of interaction among the carriers intions. The major parameters of the corresponding superradi-
semiconductor materials has long been underrated, althougince pulses were also estimated in that paper.
the density of electron-hole pairs in these materials is usually In this paper we present results from a study of the de-
far higher than the density of impurity centers in solid statependences of the superradiance parameters on the tempera-
lasers. Increasing the number of dipoles involved in a resoture, pump current density, and size of the emitting region.
nance sharply reduces the duration of the resulting pulse ann attempt is also made to estimate the minimum absolute
the durations appropriate to semiconductor materials lie fapump current for generation of superradiant pulses.
beyond the time resolution of modern photodetectors. In ad-
dition, these pulses occur randomly, which makes them dif-
ficult to detect. Nevertheless, they have been observed undgjope.
certain conditions using streak cameras in a single-photon
counting modé:1° Unfortunately, the complex experimental ~ The resonant interaction of closely spaced dipoles with
conditions have precluded a unique interpretation. the electromagnetic field of their own radiation is known to

A specially created optical autocorreldtbthas been cause a change from the ordinary time dependence
used in some preliminary experiments in 1993-1994 and Y

) . o I(t)~Ne 1)

superradiant pulses were observed in an injection laser, both
above and below the lasing thresh&fd® Appropriate mea-  of the radiant intensity, i.e., an exponential decrease in the
surements of the pulse parameters were made. The sensitintensity with time(t), to the dependence given by Dicke,
ity and resolution of the apparatus, however, were not adwith an intensity rise followed by a relatively rapid fall
equate for measuring the emission parameters below th@ig. 1),

1063-7826/99/33(12)/6/$15.00 1309 © 1999 American Institute of Physics
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leads to
Superfluorescence

h

A line with this shape has characteristic exponential, sym-
metric rise and fall, which have been observed
experimentally'® It has been pointed olithat optical losses
can cause an asymmetry of the spectrum, which has been
____________ observed® According to Eq.(7), the characteristic energy
; . (slope of the rise and fall determined experimentally from
the spectrum, represents the quantity

h

FIG. 1. Characteristic time dependence of the superradiance intensity. The g=——,

dashed curve is the ordinary time dependence of the radiant intensity. TTN
which makes it possible to calculate the characteristic collec-
tive radiation time as

R(E)=A secvs TTN

Spontaneous emission

Intensity, arb. units

)

Time, arb. units

ﬁwo 2 t_to ﬁ
I(t)—4MTN(N,u,+1) sechk 2TN)' (2a) = )
in which
1 1 EXPERIMENT
—=(Np+1)— (2b)
N 71

We have studied samples of various AlGaAs/GaAs la-
and ser heterostructures with a single InGaAs quantum well that

has a width of 100 A. The structures were grown by molecu-

to=7n In (Nw), (20 | X ) .

ar beam epitaxy. As noted above, selective optical losses
whereN is the number of dipolesy is the form factor for  during extraction of the radiation from the sample distort the
their mutual positions which determines the degree to whictinitial emission spectrum. These losses occur, in particular,
they interact,7; is the characteristic emission time for an during waveguide propagation of the light along the epitaxial
isolated dipole;ry is the characteristic emission time for the layers. Thus, the samples were prepared so that the radiation
macrodipole, and, is the pulse delay time or the duration of would emerge perpendicular to the epitaxial layers. The end
the macrodipole formation stage. Here it is assumed that alfleavages of the samples were processed by selective etching

the dipoles are identical and are in an excited state=dx. in order to suppress laser action and coated with high refrac-
In the case of a radiating body in the shape of a cylindetive index black paint. Thus, in terms of their operating re-
with cross sectior, the expression fop takes the forrh gime, the test samples were surface-radiating, ligh-emitting
3\2 diodes. _
r=g5 ©) For the temperature studies, the crystals were soldered,

with the epitaxial layers underneath, onto a copper heat sink,
Taking into account the loss of phase coherefusphasing  Which made it possible to control the temperature of the
of the dipoles in a semiconductor material, with a characteractive region of the sample reliably when it was placed in a
istic time Tqepn, iNCreases the time for the establishment ofcryostat. A quasicontinuous curref® us, 5 kH2 was used
phase coherence of the dipolgise delay in the superradiant for pumping.

pulse to® We have showtf that the emission spectrum of a quan-
tum well at T=77K corresponds almost ideally to the ho-

=t 1+ \/ﬁ) 4) mogeneously broadened spectrum of a superradiance line
Tdeph [Eq. (7)]. It is perfectly evident that at higher temperatures

the thermal spread of the carriers should distort the spectrum,
since the factoR, in Eq. (5) cannot be represented in the
form of a &-function. This has been verified experimentally.
Figure 2 is a semilog plot of the emission spectra at different
temperatures for a pump current density of 500 Afcm
Clearly, at 100 K the homogeneous broadening factor is
dominant and the spectrum has a distinct symmetric expo-
nential rise and fall. With increasing temperature, the peak in
the spectrum shifts toward lower energies in accordance with
F(o—wg)x2mrysech mry(w—wg)], (6)  the temperature dependence of the band gap width. The drop
in the spectrum to the right is distorted by emission from
carriers with energies substantially greater than the band gap.
Ro(E)= 8(Ey), Beginning at 250 K, the spectrum has a distinct plateau. The

On the other hand, the shape of the spectrum line is
convolution of the form factors for homogeneo(5(w))
and inhomogeneoudR(E)) broadenind?® where

+ o0 E-fw
R(hw)=fo RO(E)F( 5 )dE. (5)

In contrast with Eq(1), which yields the standard Lor-
entz broadening form factor, ER) gives

which, for negligible inhomogeneous broadening, i.e.,
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FIG. 2. Spontaneous emission spectra of a quantum-well laser heterostruE!G. 4. Spontaneous emission spectra of the quantum-well laser heterostruc-
ture at temperatureg(K): 1 — 100,2 — 150,3 — 200,4 — 250,5 — 300. ture at pump current densities of 166, 500, 830, and 1660 A/cm
The pump current density is 500 A/ém T=300K.

slope of the left edge of the spectrum decreases with tenshape similar to that given by E€). The right-hand edge of
perature, but it is still distinctly exponential, so it is possiblethe spectrum continues to be broadened by the thermal dis-
to calculate the parametey, in the entire temperature range. tribution of the carriers. The spectrum also shows that for a
This dependence is plotted in Fig. 3, which also sheyfor  current density of 1660 Alcfn most of the energy is emitted
other current densities. The nonmonotonic variation in thes®y a collective resonance. The dependence of the character-
curves is noteworthy. istic time 7y on the pump current at room temperature cal-
On the whole, inhomogeneous broadening of the emisculated from the slope of the left edge of the spectrum is
sion line predominates at room temperature for this currenshown in Fig. 5. It is noteworthy that this parameter varies
density. little when the pump current is changed by an order of mag-
The emission spectrum of the samples was also studieditude, while Eq(2b) implies a reciprocal dependence 6f
in a wide range of pump current densities at temperaturegn N for uN>1, i.e.,
ranging from 77K to room temperature. The higher th_e n=r/puN, puN>1. 9)
pump current was, the longer the homogeneous broadening
predominated as the temperature was raised. Figure 4 illus- It is significant that the falloff on the right of the emis-
trates the dependence of the emission spectrum on current@Pn spectrum is close to exponential. Probably the entire
room temperature. It is clear that, for pumping at 500 A/cm spectrum is formed by a set of optical resonance processes,
the spectrum has a flattened peak, and that as the currenthyt the theoretical curves shown here indicate that, as the
raised further, a maximum appears with a characteristi®Ump current is raised, a single collective process encom-

30
01 ——— I
i -2
40 —h i
| 3 20 ~ Y ° °
“ 3ol 4 “ 1 A B
2 L 2
v e
20} ol
10 "
0 N Il N L 2 1 2 1 N L L ! 0 L | " i " 1
50 100 150 200 250 300 350 0 500 1000 1500
T, K Current density, A/cm?

FIG. 3. Characteristic collective emission timeJ of the quantum-well  FIG. 5. The characteristic collective emission timg) of the quantum-
laser heterostructure as a function of temperatliyePump current density ~ well laser heterostructure as a function of the pump current density.
(A/cm?):1 — 330,2 — 500, 3 — 660,4 — 830. T=300K.



1312 Semiconductors 33 (12), December 1999 Za tsev et al.

100 -
L mJ
80 | *2
5 A3
. @ 60 v4
= - - v
= & 40 _L*_ﬁ;_;v.’hn vv ¥
..g L v
ﬁ : 20+
e
é 0 gl PSR RTTT] Lt L1l
g l 0.01 0.1 1 10 100
|
=K Pump current, mA
| W FIG. 7. The characteristic collective emission time) of a quantum-well
‘f ‘ SECH dependence laser heterojunction structure with small apertures as a function of the pump
i current for aperture sizes of 1(8), 4 (2), 6(3), and 20um (4).

Y
131 132 133 134 135 1.36 parameter limits the size of the radiating region just to a level
Energy, eV of ~4 um, according to this experiment, the actual scale
FIG. 6. Spontaneous emission spectra in a structure with a small apertul@ngth of the radiating groujthe characteristic superradi-
for pump currents ofbottom to top 15, 30, 240, and 96A. T=77 K. The  ance time is 48-50 fs) is considerably smaller than 1:m,
aperture size is &m. i.e., is clearly less than five times the wavelength of the
radiation in the semiconductor.

The experiment with small-diameter oxide apertures also
passes ever higher energies, while maintaining the exponemade it possible to establish an upper limit for the absolute
tial falloff on the left almost unchanged. This observationcyrrent at which the shape of the spectrum still contains
may make it possible to account for the shift in the peak ofrraces of superradiance. It is apparent from Fig. 6 that the
the “spontaneous” emission spectrum as the pump current igpectrum for a current of 3A is in good agreement with
raised. the theory of superradiance, while for a pump level of

The radiating ensemble has a characteristic size that do@s A, this cannot be stated with certainty due to the high
not exceed the path of the light in the semiconductor over @oise level. It is important to note that the characteristic time
time 7.1’ The characteristic superradiance time implies thatr, corresponding to a 3A pump current does not change
at room temperature the emitting region is smaller than 1.Bignificantly when the absolute pump current is raised by
pm. three orders of magnitudéig. 7).

It has been showifi that at liquid-nitrogen temperatures Currents at a level of 3@A correspond to the recombi-
superradiance takes place at pump current densities as low agtion of~ 2 x 10'* electron-hole pairs per second, which for
170 Alent. This raised the question of how large a spacey typical average carrier lifetime of=3 ns yields an aver-
can be occupied by an optical resonance. age of N=6x 10" pairs within a region with a diameter of

In order to study the dependence of the characteristig ,m Here a characteristic spectrum corresponding to super-
emission time on the transverse dimensions of the active,jiance withry =42 fs was observed.

region of InGaAs quantum well AlIGaAs/GaAs heterostruc-
tures, light-emitting diodes with small oxide apertures were
prepared as active regions using the technology employe
for creating vertical cavity surface emitting lasers Figure 8 shows the time delay to the superradiant pulse,
(VCSEL).X® However, the surface of the heterostructures wagy , as a function of the numbé\ of participating dipoles

not covered with a dielectric mirror and this prevented las-calculated using Eq$2)—(4) (Ref. 7) for different dephasing
ing. The diameter of the apertures was varied from 20 tdimesT gepn. Tgepr= 100 fs corresponds to room temperatiire.
1.5um. These studies were made at 77 K. For the measureit liquid-nitrogen temperaturel ;¢ is a few picoseconds,
ments, a sample was glued with thermally conducting glueso thatT y.,=1 ps is a reasonable estimate for the tempera-
substrate facing downward, onto a copper holder. This wayure, 77K, at which the experiment was done. b6

of mounting the sample inevitably increases the thermal rex 10° a calculation gives a delagphasing time of ~3 ns.
sistance. In addition, the high ohmic resistance of the smaBased on the assertion which was proved above — that the
aperture caused significant heating of the active layer, i.eactual typical size of the radiating group of dipoles is less
the actual temperature of the active layer exceeded 77 Khan 1.5 um, we must assume that the real number of
Nevertheless, the resulting emission spec¢kEa. 6) are in  electron-hole pairs that actually produce the superradiant
fairly good agreement with Eq7) and always exhibit a pro- pulse is smaller by an order of magnitude in this experiment,
nounced exponential rise and fall. It is apparent from Fig. 7i.e., is no more than 810*. This yields a value fot§ of

that no significant dependence of the characteristic emissiolnundreds of nanoseconds. It is well known that such radia-
time 7y on the aperture size was observed. Although thigion delay times are not observed in direct experimetits.

ISCUSSION
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103 tive lifetime for an isolated electron-hole pair. The value of 3
ns chosen above as a basis is a typical experimental value of
another physical quantity, namely the average carrier life-

a 10! time 7 for a high excitation level. Certainly, during a reso-
s nant interaction of the carriers; should always be greater

than. The largest value of for quantum wells known to us
is 650 nst® which raises the required value &f by more
than an order of magnitude. It may be concluded that the
required number of dipoles in no way corresponds to the
L L L . number of injected carriers.
103 106 107 108 10° Thus far, we have assumed implicitly that only excited
N dipoles participate in the collective resonance. Evidently, this
FIG. 8. The dependence of the delay time until laser tum &) @s a ~ Cannot be so. A dipole that is capable of absorbing radiation
function of the number of dipoleN) for dephasing timed ,=1000fs  With a given wavelength is just as much a participant in the
(solid curvg and T ye,= 100 fs (dashed curve resonance as a radiating dipole in immediate proximity to it.
Thus, we are dealing with a system of closely spaced di-
poles, of which only a small fraction is in an excited state.
Certainly, excited centers in the lattice interact with unex-

fact, we are unaware of any experiments on the direct meac_lted centers through an electromagnetic field and the pro-

surement of the switch-on delay in light-emitting diodes attcss shows up as a quantized response of the electronic sys-

pump curtents of 3quA. The calculated timeny for tis I 1 % S 5L B8 8 U TR 0 FECIER Y
value ofN (assuming that; =3 ng is on the order of 70 ps, ) ' 9 P

. . . . . the parametep, the productNu is independent of the size
Qecr)]t:wous conflict with the spectral data from our experi of the aperture, although it should depend on the thickness of

. . the active layer and optical boundary factfitee presence of
Knowing the number of electron-hole pairs that produce y P y b

. S . waveguides, mirrors, optical losses, gtas well as on the
an optical pulse upon recombination, we can estimate th?emperature
DUISE ene'rgy.ch'mzlsxlr(])“, a_t thlsdwavelength ':1 &1[)0 1. q From the basic principles of quantum mechanics, it is
quation(9) imp |es_t _at, In order to attain the observed .\ that a single photon is absorbed in an interaction with
n=42fs for 7;=3ns, it is necessary thatN~0.7x 10°.

he other h for th i | the electronic system of a crystal as a unified whole, even
Qnt e other %ﬁdt or the experimenta .parameters,(iﬂﬁq. though an electron-hole pair is formed at a single, definite
gives u~7x10 %, i.e., the number of dipoles must ¢

center. This follows obviously from studies of the absorption

espectrum. The results presented here provide serious justifi-

experimental value. Accumulating this number of carriers al.a4ion for considering that the converse statement regarding
a current of 30uA would require about 0.5us. As noted 14 emission spectrum is also true.

above, the actual size of the radiating collective is substan-

tially less than 4um and the actual value & is smaller by

at least an order of magmtude. However,_ it is apparent from o usions

Eqg. (3) that a reduction irS leads to an inversely propor-

tional change inu, so that, for a given density of dipoles in In this paper we have, for the first time, been able to

the plane, the characteristic superradiance time is indepe@bserve spectral manifestations of superradiance in semicon-

dent ofS. This sort of independence @fN from the aperture  ductor heterostructures at room temperature. The character-

size is in excellent agreement with the experimental data. istic superradiance time has been determined as a function of
If we proceed from the fact thall is the number of temperature and pump current for the first time on the basis

electron-hole pairs in the active region, then we should obef spectral data. It ha been shown for the first time that

serve a strong dependence of the emission spectrum on tisgperradiance in a quantum well can occur at a pump current

pump current. At the same time, the experiment indicates thef 30 uA, as well as in an active zone with a diameter of

exact opposite: the spectrum does not change when the purdgbum.

current(and the pump current densjtis varied by almost The data obtained here indicate that luminescence in

three orders of magnitude. It should be noted that the estthese semiconducting materials is not the result of the recom-

mated superradiance tiffefor surface radiating diodes bination of isolated electron-hole pairs, but is a mechanism

based on heterostructures similar to those studied here is €¢r the relaxation of excitation in the electronic system of the

sentially the same as the times calculated for small aperture¥ystal as a whole.

and also depends weakly on the pump current density. This work was supported by Grant No. 98-02-18212 of
In order to resolve this contradiction, a number of calcu-the Russian Fund for Fundamental Research, “A study of

lations must be done to determihefrom an analysis of the the spatial-temporal structure of radiation from quantum-

emission spectrum. well and quantum-dot heterostructures in IlI-V systems.”
Here it is important to note that the parametgrcannot

be measured directly, since it has the significance of a radidPersonal communication from P. P. Vasil'ev.
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Effect of + irradiation on the photoluminescence kinetics of porous silicon
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The effect ofy irradiation on the photoluminescence decay dynamics in porous silicon is
investigated. Growth of the photoluminescence intensity and decrease of the decay time in
irradiated porous silicon are explained by a lowering of the barriers to recombination of
spatially separated electrons and holes via tunneling.ffinediation of porous silicon leads to

a greater dispersion of the decay time. 1©99 American Institute of Physics.
[S1063-78269)01312-5

INTRODUCTION ply stored in air and at the time the irradiated sample was

. . . : studied, the photoluminescence intensity and its decay char-
Interest in porous silicon and in other porous semicon-

L . . . acteristics on this sample remained unchanged.
ductors was initiated by the discovery of visible lumines- . : 2
. o . . Photoluminescence was excited by radiation pulses from
cence in porous siliconand the concomitant potential of

creating emitting devices for silicon-based optoeIectronicsg_rrgoéicrglt?g;]ng:%gaen Jisfxaﬁifgr?m:gfz& :Ir;) '\;'vr:tg cak
However, due to the extremely high resistivity of porousintensit of excitatioﬁ on thepsurface of the sam ie Was on
silicon and the instability of its properties, the path to the y P

fabrication of light-emitting elements based on porous siIi—the order of 10kWjcrh, the mean power of the laser radia-

con has been longer and more arduous than expected irﬁhon on the surface did not exceed a few mW#crito record

: . Iy . e spectra we used a DFS-12 spectrometer. The spectra
tially. In the course of studies of porous silicon it was found . . . .

. ) . . . were recorded either in the constant-current regime or with
that this material is of interest for other device

application£® For this reason the problem of the radiation temporal resolution using a Boxcar-162 stroboscopic integra-

stability of porous silicon and the dependence of its opticafOr in the interval 10°~10"7s.

properties on irradiation have acquired increased importance.

In earlier studies we investigated the influenceyolnd « MEASUREMENT RESULTS AND THEIR ANALYSIS

radiation on the luminescence properties of porous siliedn.

In this paper we report the results of an experimental study ~AS is well known, the decay of photoluminescence in

of the effect ofy irradiation on the photoluminescen@eL)  Porous silicon after excitation has been switched off has

kinetics of porous silicon. three characteristic segments: a nanosecond segment, which

is attributable to recombination of free photocarriers near

their place of origin; an intermediate segment, which is as-

sociated with relaxation of the carriers; and a microsecond
Samples of porous silicon were prepared by electrosegment, which is due to tunneling recombination of spa-

chemical etching of polished wafers pfsilicon with {100 tially separated carrier®=1° Our studies deal with photolu-

orientation and resistivity £2-cm under ultraviolet illumina- minescence kinetics in the microsecond range of photolumi-

tion in a regime providing high brightness of photolumines-nescence decay.

cence. Hydrofluoric acid buffered with an aqueous solution  Characteristic curves of the dependence of the photolu-

of NaNG, served as the electrolyte. The investigated sampleminescence intensityy, on time reckoned from the maxi-

remained on the silicon substrate. mum of the laser pulset) at 77 K for the irradiated and
The ®°Co isotope with an intensity of #cm 2.s™!  non-irradiated samples are shown in Fig. 1. As can be seen

was used as the-radiation source. Irradiation of the samples from the figure, the kinetics of photoluminescence decay for

took place at room temperature up to a dosedot5  the irradiated sample are faster.

x 10 cm™2, at which a roughly twofold increase in photo- Figure 2 compares experimental data on photolumines-

luminescence intensity of was achievelhotoluminescence cence decay for the irradiated sample with results of calcu-

kinetics were measured on pairs of samples—twins, one dation using a broadened exponential, which usually gives a

which was subjected tg irradiation, and the other was sim- good description of photoluminescence kinetics with allow-

SAMPLES AND EXPERIMENTAL TECHNIQUE

1063-7826/99/33(12)/3/$15.00 1315 © 1999 American Institute of Physics
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FIG. 1. Dependence of the photoluminescence intensity at the band maxi- 0.15 0.20 0.25
mum at\=720 nm on the time for an irradiated [p,,) and an unirradiated T_1/3 K_1/3
(Ip) sample®=5x10%¥cm 2, T=77K. >

FIG. 3. Temperature dependence of the characteristic decay time of the

. . . . . . . photoluminescence at the wavelengtih=0.716 um for an unirradiated
ance for migration of excited carriers in disordered and in<sample of porous silicon.

homogeneous medfd; ®

lp~ ()= (t/7)*" Pexd — (t/7)*]. @ , : :
) o . nential. The value ofr was determined from the points at
Herex=t/7, 7is the characteristic decay time of the photo-\yhich d[Inf(x)}/dx=—1, wherex=1 and r=t. The values
luminescence, an@ is a parameter which varies in the limits ¢ . gptained in this way were 15660 us for the

from 1 to0 0. y-irradiated samples and 25®0 us for the unirradiated

As can be seen from Fig. 2, the photoluminescence kisgmples. Consequently, irradiation shortens the decay time
netics are well described by the functit). For our samples ¢ photoluminescence over the entire spectrum.

B, obtained from the contour of the photoluminescence band, ' The mechanism of tunneling recombination of spatially

is found in the limits 0.5-0.8 and on the long-wavelength separated carriers is also confirmed by the results of tempera-
tail of the photoluminescence band the dependence of thg e measurements of the decay tim(@), which were per-
photoluminescence intensity on time approaches an exp@grmed at the band maximum. The dependentE) was
determined in the temperature interval-7400 K (Fig. 3).
The points closely satisfy the dependenee *~exp
(—To/T)*3 which is characteristic of recombination with
tunneling through barriers of different height which separate
regions of generation and regions of recombination of charge
carriers(a partially disordered medium?°

The variation ofr over the contour of the photolumines-
cence band for the irradiated and unirradiated samples is
shown in Fig. 4. Since the experimental dependence on a
logarithmic scale is nearly linear, we infer an exponential
dependence of the probability of radiative recombination on
the energyE: W~ 1/7~expE/Ey), where Eo=AE/A(In7).
This is also evidence that photoluminescence is due to re-
combination of spatially separated charge carriers tunneling
through barriers that separate regions of carrier generation
under optical excitation. The mean barrier heidhy, ob-
tained from experimental dependence of the type shown in
Fig. 3, is~0.3—-0.4 eV, in good agreement with the values

Ipp, arb. units

0 T S S S S S obtained by other authot4:***>For irradiated sample&,, is
0 100 200 300 400 approximately two times smaller than for unirradiated
L, ps samples. This means that as a resultydfradiation of po-

FIG. 2. Comparison of experimental and calculated dependence of the dépus silicon, the barrier helght for carrier tunnellng is low-

cay of photoluminescence for girradiated sample at the photolumines- €reéd and the probability of radiativle recombin.ation grows.
cence band maximunT.=77 K. 8=0.45; /=128 us. The slower growth of the photoluminescence intensity as a
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cence intensity upon irradiation is accompanied by a de-
crease in the decay time for the irradiated samples, which
indicates a lowering of the barrier to tunneling of spatially
separated carriers. Irradiation leads to a narrower dispersion
of the decay time.

We wish to thank E.V. Astrov for making samples
available for study and for useful discussions.

This work was carried out with the support of the pro-
grams “Physics of Solid-State NanostructuregProjects
No. 97-1039 and No. 99-110and “Promising Directions in
Micro- and Nano-Electronics.”
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Photodetectors based on osmium-doped silicon
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Osmium-doped silicon photodetectors with a low control voltage have been constructed.
The n-type Si was chosen as the initial material. The silicon was doped with osmium using a
diffusion method. The characteristics of these structures are studied at 300 K99®

American Institute of Physic§S1063-7829)01412-X]

As helium materials science develops, the measurementf 5x 10°—7x 10" cm™3, and dislocation densities of 10

of the luminous flux at the focus of solar furnaces is becom— 10* cm™2 were used as a starting material. The silicon was
ing important. Controlling the energy parameters of solardoped with osmium using a diffusion methbditer diffu-
radiation fluxes requires photodetectors capable of measusion annealing, the resistivity of the samples rose to 7
ing the light flux in different spectral intervals, in some casesx 10 2-cm and the conductivity underwentre—p transi-
with a good response time. Photodetectors of this type artion. After the silicon was doped with osmium, a quasiperi-
needed for measuring highly concentrated fluxes of solar raedic inhomogeneity developed in the samplEused con-
diation. tacts of AutSb alloy and Al with an are&=(1.5—3.5)
The photodetectors intended for these purposes must b&10 > cm? were made in vacuum with a residual pressure
highly sensitive within the operating wavelength range and®=5%10"° Torr for the measurements. The sample thick-

have a fast response and a low noise level. In addition, the§€ss was varied in the range 6.3 mm. Thep™ —p-n*
must be small, use low control voltages, and have a higfftructures studied here are structurally similar to those exam-

operational reliability. med in Ref. 3. The photqcurreh,;h was megsured asa fupc-
The extension of the operating spectral range of cohererfon of voltage(Fig. 1) using an Al-107A light-emitting di-
and incoherent light sources into the far infrared, on ong?d€ With a wavelength of 0.95m (which coincides with the
hand, and into the ultraviolet, on the other, has led to a deP®2K Spectral sensitivity of the photodetegtas a light
mand for fast, sensitive photodetectors which operate over gource. Itis evident from Fig. 1 that, while gallium arsenide
wide spectral range.
The purpose of this paper is to report the construction of
osmium doped silicon photodetectors with a low control

voltage and a low current, as well as high reliability at high 2
concentrations of solar radiation. Samplesdf/pe Si with
resistivities in the range=5.5—75(-cm, oxygen contents
35 F
=
el
S 1 5 =
2 = 1
NQ'
05
4 8 20 1 1 1
Vv,V 04 0.8 1.2
hv, eV

FIG. 1. Photocurrent as a function of bias voltage at 300 K with an

Al- 107A light-emitting diode as the sourdeurrent 16uA) for 1 — an FIG. 2. Spectral characteristics of the photocurrent of an
SKO9 p"—p—n"* structure2 — a GaAsp—n structure, an® — a GaAs SO9 p*—p—n* structure with a forward bias of 3 Y1) and a reverse
metal-semiconductor-metal structure. bias of 3V (2). The measurement temperature was 300 K.

1063-7826/99/33(12)/2/$15.00 1318 © 1999 American Institute of Physics
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structures(curve 2) have a superlinear rise in the photocur- 0 o) 0]
rent as the voltage is raised, the silicon structures have a | | |
slower rise in the photocurrent. At=6 V, for example, the 0-Si-0-0s-0-Si-0| ,
photocurrent in the $Ds) p*—p—nT-structure reaches (|) (|) (|)
27uA (Fig. 1, curvel). Note that this is more than three n

orders of magnitude higher than for metal-semiconductorynder the contact, which causes a drop in the bias voltage.
metal structures based on Ga@s009uA) (Fig. 1, curved).  There was enough oxygen in the silicon to form a layer of
The comparatively high photocurrent in th€ G structures  this sort.

at these voltages is a consequence of the closeness of the These experiments have therefore shown that when sili-
charge separation region to the illuminated surface. In thi€on is doped with osmium, it is possible to create photo-
case the optical losses are low. The photocurrent saturat&i°des with a low reverse voltage and a broad spectral range.

o L These photodetectors are suitable for use in tomography,
because of a more rapid rise in the dark current of the 5|I|co?. . .
L iber optics technology, solid state detector systems, and
structure compared to that for an epitaxial GaAs

dre- 0 y _ other device$®
p—n-junction. The siliconp™ —p—n™-structures examined
here are optically well matched to commercial Al-10A light- )
e . . S. A. Azimov, M. S. Yunusov, G. Nurkuziev, and F. R. Karimov, Fiz.
emitting diodes and could operate as photodetectors in OptoO-Tep. Poluprovodn12, 1655 (1978 [Sov. Phys. Solid Stata2, 1592

electronic devices. (1978].

. .. 2 0 H
Figure 2 shows the spectral characteristics of the;A- V. Karimov and G. Nurkuziev, DAN RUz, No. 1993.
M. Balkanski and P. Lalemar®hotonics(Mir, Moscow, 1978.

; + +
SO p"—p—n" structures at room temperature. The a4y, Tsang (ed), Optical Communications Technologyhotodetectors
structures were illuminated with an irradiance of 10 (Mir, Moscow, 1988.

: . 5S. A. Azimov, R. A. Muminov, S. Kh. Shamirzaev, and A. Ya. Yafasov,
Wient from an IKS-21 spectrometer. It is evident that the Silicon-lithium Nuclear Radiation Detectofin Russian, Fan, Tashkent

osmium-doped silicon photodetector operates over a wide (1981.

wavelength range. A study of the spectral characteristics P- Jespers, F. Va”f;& and M. Haigdemiconductor Image Signal Shapers
o . (Mir, Moscow, 1979.

shpwed that the long W.ave_length. photosensitivity que IS7G. K. Poltorapavlova and N. P. UdaloRhototransistorsEnergiya, Mos-

shifted when a reverse bias is appligdg. 2, curve2). This cow (1972. _ _ o

effect is evidently caused by the formation of a dielectric > S2&.The Physics of Semiconductor Devichtir, Moscow, 1983.

layer Translated by D. H. McNeill
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Effect of liquid dielectrics on the efficiency of silicon solar cells
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The results of experimental studies of the change in the photoelectric characteristics of silicon
solar cells produced as a result of depositing thin, liquid dielectric laiggyserine,

acetone, isopropyl alcohol, butanol, dioxane, deionized Water presented. It is shown that the
presence of these liquids reduces the forward and reverse currents, substantially raises the
short-circuit currents and open-circuit voltage, and significantly increases the effi¢lgnap to
40-60%. Possible physical models are proposed for this effect.1999 American

Institute of Physicg.S1063-782609)01512-4

The effect of adsorbed water vapor on the photocurrenties of solar irradiation: diffuse scattered daylight and direct
from silicon photodiodes was apparently described for thesunlight (W=70—80mW/cnf). After these control mea-
first time by Litovchenko and LyashchenkolLater they surements, the vessel was filled with a test liquid and the
described the effect of adsorbed water and acetone mol-measurements were done again at the same solar irradiation
ecules on the quantum vyield and photocurrent relaxatiointensities.
time. They explained this effect by a change in band bending Liquids with low electrical conductivities (10
in the skin layer of the semiconductor. —10 80 1.cm 1) were chosen for these studies: glycerine,

Molecules adsorbed on silicon and germanium surfaceacetone, isopropyl alcohol, deionized water, butanol, and di-
create an additional positive charge. A negative charge desxane. Qualitatively, these liquids all had the same effect.
velops on the mobile carriers under the influence of thisThe largest changes in the photosensitivity were observed in
charge in the surface layer of the semiconductorndiype  acetone and glycerine. We therefore present only the results
silicon this change leads to a rise in the surface conductivitjor glycerine.
and inp-type silicon it causes the development of an inverse
conductivity layer. In addition to band bending, adsorbed
molecules can also cause changes in the parameters of t
adhesion leveld New surface states may also be formed. All Figure 2 shows current-voltage characteristics measured
of these effects will affect the rate of surface recombinationin the dark, with and without a layer of glycerine on the
and, therefore, the photoelectric characteristics. This effecdurface. The glycerine causes a significant drop in the for-
shows up especially strongly in solar cells, since then  ward and reverse currents.
junction lies very close to the surface in them. Figure 3 shows the load characteristics of a solar cell
(n—p type) with and without a layer of glycerine under
direct sunlight(sun at the zenith, power levet 70 W/cn¥)
and in scattered room light. The efficiency under direct sun-

In these studies we used silicon solar cells with a conlight increases by 40-60%, reaching 18-20%. The duty
ventional configuration of the contact grid and with sensitivecycle of the load characteristic changes little when the illu-
areas of 2, 4, and 20 édnThe exposed surface was not
illuminated prior to deposition of the insulating layer. The
efficiency in the initial state was 10—13%. The test samples
were placed on the bottom of a vessEig. 1). First, the
surface of the solar cells was carefully cleaned by wiping
with a wad of cloth dipped in isopropyl alcohol, degreased in
boiling toluene and its vapor, and then washed initially with
cold water, and then in hot deionized water. After this pro-
cedure, the samples were dried in a thermostat for 1-2 h at a
temperature of 150200 °C.

The load characteristicghe short-circuit current and FIG. 1. The location of the solar cell in the vesskek— contact leads2 —
open-circuit voltageJ) were measured for different densi- vessel,3 — glycerine,4 — solar cell.

EéPERIMENTAL RESULTS

SAMPLES AND EXPERIMENTAL TECHNIQUES

1063-7826/99/33(12)/2/$15.00 1320 © 1999 American Institute of Physics
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FIG. 2 Dark cgrrent-vqltage characteristics of the solar célls: without
glycerine,2 — in glycerine. 3X102
G
mination intensity is varied. The relative change in the short- 2x10?
circuit current and open-circuit voltage depends sublinearly )
on the illumination level. 1x10
As a rule, increasing the thickness of the liquid to 5-6
mm raises the efficiency. Placing a piece of K8 or F1 optical 100 200 300 400 500
glass with a thickness of 0.5—2 cm on the layer of glycerine U, mV

has similar effect. Placing the glass on the cell without a o . )

layer Qf egceri.ne produpes the .o.pposite effect because dgllﬁérgiﬁecgrfn\t/\;u};ggﬁg Zliggrriig,elns—ucviitzf dsi?zla?:rt ZS:I:r lijrrr]ggiratli%ic; i_ "

reflection. The increase in the efficiency depends strongly ORith diffuse solar irradiation.

the quality of the surface processing. Removing the liquid in

the customary way does not return the current-voltage chal

acteristic to its initial state. The adsorbed molecules remai

ing on the surface continue to have a positive effect.
Measurements of the nonequilibrium carrier lifetime

showed that it also increases by almost as much as the ph

tocurrent.

nli_'he semiconductor. Certainly, the brightening effect of the
layer of liquid also contributes. This is suggested by the de-
pendence of the effect on the thickness of the layer of liquid
or of the glass covering it. This method for improving the
BFoperties of solar cells has been protected by a patent of the
Armenian Republic.

CONCLUSIONS V. G. Litovchenko and V. I. Lyaschenko, Fiz. Tverd. Télaningrad 5

. . 1), 3207(1963 [Sov. Phys. Solid Stats, 2021(1963].
These studies show that the main reason for the change . I. Lyaschenko, V. G. Litovchenko, I. I. Stepko, V. I. Strikha, and L. V.

in the (_71_Jr_rent'V0|tage CharaCt_eriStiCS an_d_the rise in the pho- | yaschenko, Electronic Phenomena at Semiconductor Surfairs
tosensitivity and, therefore, in the efficiency, when mol- Russiad, Naukova Dumka, Kie{1968.

ecules are adsorbed is a reduction in surface recombinatio?]V- F.‘Kiselev,Surface Phenomena in Semiconductors and Dielecfiics
and a change in band bending at the surface. Most likely, this uSsi2% Nauka, Moscow(1970.

happens because of increased band bending at the surfacetednslated by D. H. McNeill
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Two-mode diode-laser spectroscopy with a InAsSb/INAsSbP laser near 3.6 om
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The current dependence of the output frequency of InAsSb/InAsSbP diode lasers at wavelengths
near 3.6um is studied. It is found that in these lasers the number of lasing modes can be
reduced without introducing crystallographic defects. It is shown that the photon momentum aids
in suppressing the spectral modes closest to the dominant mode. Two-mode laser
spectroscopy is done over an interval of 2 ¢nfor two gases, BO and CHCI. © 1999

American Institute of Physic§S1063-78209)01612-9

1. INTRODUCTION is coated with a distributing layer @fFInAs with a thickness
Iaselof 0.5um and doped with Sn to an electron concentration of

spectroscopy-> However, a laser always generates several 10*%cm 2. In an aptwe_ layer not dgpeq;ntentlonglly, the
modes, since the intervals between the cavity normal fre€l€ctron concentration is (24)x10°cm ™2, The clipper
quencies are substantially smaller than the width of the gaiffyer adjacent to the substrate was doped with Zn to a hole
spectrum for the active medium. Single-mode lasing is asconcentration of (+2)x10'*cm™°. The second clipper
sumed to be random and is thought to occur because thel@yer was doped with Sn to an electron concentration of (5
are fewer crystal defects in the antinode of the emission i~ 8)x 10'®cm™3. After epitaxial growth of the layers, the
one mode than in those of the other modes. The monochr@ubstrate was ground to a thickness of 00. Photolithog-
mator which forms part of a laser spectromébecan be raphy was used to fabricate chips with a step of A@®and
tuned to any mode and the medium under study can be mesa width of 1gm. Cavities with a length of 300
scanned with just that mode. In lasers with a controlled in-——350um were obtained by cleavage. The chips were
jection density over the width of the cavity,one may ex- mounted by the substrate on a special copper ftamhich
pect small levels of noise from other modes because a commakes it possible to place the laser in a thermostat with a
tinuous waveguide has been introduced into the cavity. Thelosed helium cycle.
radiation flux is able to oscillate over the width of the cavity
in this waveguidé,so that buildup of energy in isolated parts
of the cavity is prevented, along with the emission of this
energy in the form of radiation over a wide mode spectrum.

The purpose of this paper is to study the dependence &f TECHNIQUE
the emission intensity and frequency in different modes as a
function of current and to examine the feasibility of using In order to study the emission spectrumTat 77 K, the
these modes for observing absorption lines in gaseous medigser was placed in a nitrogen-cooled evacuable thermostat
This article is a continuation of our previous work on con- and powered by 2@s square pulses with an off-duty factor
structing and studying frequency tuneable diode lasers basef 100. Laser spectrometry on gaseous media was done in a

Single-mode lasers are usually employed in

on double INAsSb/InAsSbP heterostructures. spectrometer with the thermostétaser Photonics, model
L5731) for holding the laser, a power supply and tempera-
2. LASER DIODES ture controller(Laser Photonics, model 5820 monochro-

The main part of the laser diode is a double InAsSh/Mator, and a liquid-nitrogen-cooled InSb photodiode detec-
INAsSbP heterostructure grown by liquid-phase epitaxy on 40r- When the laser was powered by sawtooth current pulses,
p-InAs (100 substrate with a hole concentration of{8) @ signal proportional to the intensity of the laser light passing
X 10*%cm~3, similar to the structures discussed in Refs. gthrough the gas was scanned on an oscilloscope. As the cur-
and 10. The structure contains an active layer of InAsSb withient was varied smoothly, after about 20 s the second deriva-
a thickness of~1um and a band gafE,=355meV at tive of the signal with respect to the current was recorded
T=77K, which forms a type-I heterojunction with the adja- using a computer and an SP530. Laser spectroscopy was
cent clipper layers of InAsSbP with thicknesses~62 um  done on the gases,® and CHCI. The gases were con-
each and a band gdg,=590 meV afT =77 K. The structure tained in cells with a length of 21 cm at a pressure of 2 Torr.

1063-7826/99/33(12)/6/$15.00 1322 © 1999 American Institute of Physics
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FIG. 1. Emission spectrum of a VI149-1-12 laser for a current of 150 mA

and a temperature of 77 K. The mode numbers are indicated.

4. EXPERIMENTAL RESULTS

4.1. Emission characteristics of the laser

The luminescence spectrum of the laser contained se

FIG. 3. Threshold current of a V1149-1-12 laser as a function of tempera-
ture.

tensity that initially increases with curreffor 1<170 mA)
and then decreases. The next, longer-wavelength rAde
\gins to weaken at a current 6120 mA. The intensity of
the longer-wavelength mod& increases throughout the en-

eral modes(Fig. 1) separated by roughly 3.6 cm (50 A).
The frequencies of the different modes increased in almo

the same way with the currekig. 23. The change in the ) X :
wave number for modes 1 and 3 is as high as 2.6—2.8'cm evidently suppressed by the neighboring modes. The shorter-

which is comparable to the intermode separation. The depeis{gavelength modeg and 5 (Fig. 1) show up as the current
dences of the emission intensity of the spectral modes on tHaS€S (=100 mA but remain weak over the entire range of

currentl were different(Fig. 2b). At currents slightly above CUITents.
the threshold ;= 70 mA, model predominates with an in- The threshold currernity, of the sample represented here

é{re range of currents for which measurements were made. It
becomes the predominant mode for 180 mA. Mode2 is

2814

Wavenumber, cm™!
N [\e) N3 N

...
o ©

FIG. 2. The current dependences of the lasing frequencies of the maj
modes(a) and their intensitiegb) at 77 K for a V1149-1— 12 laser. The

PR S S S

PR

100

150
I, mA

200

labels on the curves correspond to the mode numbers.

has a minimum of-30 mA atT=60K and increases supra-
linearly as the temperature varies from that valdig. 3) in

a manner similar to that described elsewhér. The in-
crease in the threshold current as the temperature is lowered
is always accompanied by an increase in the series resis-
tance. In these cases, it is difficult to power the laser at tem-
peratures below 20 K.

4.2, Scanning gaseous media

The largest intervals for scanning gaseous media
(~2 cm 1) were obtained at a temperature of 6§/Kgs. 4
and 5. To scan mode 1 the monochromator was tuned to a
wave number of 2815 cit or to an even higher frequency,
if this did not cause a reduction in the signal, and the current
was varied from 70 to 170 mA. During scans of mode 3, the
monochromator was tuned to a frequency of 2805 trar
below, and the current was varied in the range-1260 mA.

The resolution of the monochromator wad0 cmi t. Mode
2 was not scanned.

The objects scanned included a reference Fabry-Perot
resonator with a free spectral range of 0.0262 érand the
gases NO and CHCI.

When the reference resonator was scanned with mode 1,
a strictly sinusoidal signal was obtainé€ig. 4). The oscil-
erations in the amplitude of the sine wave can be explained by
interference of the radiation in the KBr windows enclosing
the air-filled resonator volume. The signal from the resonator
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500 Standard 2812- 2814 cm ! (Fig. 4 and when mod8 is scanned, they
Uy lie in the range 28062808cm ! (Fig. 5. No mixing of
=500} lines due to lasing at other lines within the chosen scan
~1000 f ranges was observed. Methyl chloride ¢@s1;Cl) has many
-1500 F interesting absorption lines in the frequency ranges that we
-2000 L , ) . ) . studied(Figs. 4 and & It has apparently been studied inad-
8 equately in these ranges.
3 2000
£ 1000 N0
“. 0 [ 5. DISCUSSION OF RESULTS
z . El ' j . o
g —-1000 | The generation of several equidistant modes is evidence
ﬂ_.; ~2000 |, , ) . ) . of a high crystallographic perfection of the main part of the
— laser. That these modes are equidistant indicates that there
i are no transverse spatial modes. This may be a consequence
1000 CH-Cl of the development of a smooth waveguide over the width of
- the resonator and of oscillations in the radiation flux within
0 the resonatof.The absence of transverse modes greatly re-
i duces the number of spectral modes and makes it easier to
~1000 L« . L \ . . N use _the _Iaser for scanning gaseous media. In addition, many
2812.5 2813.0 2813.5 longitudinal modes are partially suppressed by strong neigh-

boring modes. As a result, mo@ds weak and this makes it
easier to use modesand 3 for scanning.

FIG. 4. Transmission spectra of a reference Fabry-Perot cavity,0fgés, The increase in the lasing mode frequencies with rising
and of CHCI gas, obtained by scanning mofie current indicates that the injection density increases over the
width of the resonator from the middle to the edges owing to

was also close to sinusoidal during a scan with madEig. the collection of current from the edges of the substfate.

5). The noise in the initial portion of this scan was caused b))-|owever, the ranges over Whi(?h the lasing frequency varies
random switchoff of mode2. The scan of MO yields the are a fact_or of 2. s_ma_ller than n Refs. ! gnd .10’ where the
standard absorption liné3which we have used to calibrate Incréase In the injection density n the direction along the
the frequency scale of the laser spectrometer. When rillodeWldth of the substrfatte from the middle to the edges has a
is scanned, the lines lie in the frequency rangestronger effect. This may happen because of poorly per-

' ceived differences in the doping of the substrate and the lay-

ers, as well as other factors.

Wavenumber, cm™!

1000 F The slight reduction in the lasing mode frequencies as
- Standard the temperature is lowered can be explained by a drop in the
500 charge carrier concentration at the lasing threshold and a
0 consequent increase in the refractive index within the narrow
~500 gap active region. The contribution from the temperature-
dependent change in the band gap is of opposite sign and is
» —1000H ' ' ' : ' . ' smaller than the observations for temperatures above 80 K.
21500 The growth in the differential resistance of the laser and
_3 1000 in the threshold current as the temperature is reduced below
5 60 K is apparently caused by freezing of holes in the clipping
= 500 p-INAsSbP layer due to their high effective mass. The statis-
8 0 tical nonuniformity in doping leads to a spatial nonunifor-
§ 500 F mity in the release of holes and to the appearance of absorb-
K= ing sections in the laser which require additional gain in the
amplifying sections. This causes an increase in both the
1000 threshold current and the series resistance of the laser. Using
500 the laser at temperatures below 60 K is undesirable because
of the high electric power consumption and the small range
0 [ over which the output frequency varies with current.
=500 These scans of gases by two laser modes illustrate the

promise of using defect-free diode lasers in laser spectros-
copy. Absorption lines of nitrous oxide were identified and
the laser was calibrated with these lines. Interesting lines of
FIG. 5. Transmission spectra of a reference Fabry-Perot cavii@, gas, ~CHsCl have been detected within a little studied region of
and CHCI gas obtained by scanning mod@e the spectrum.

2806.5 2807.0 2807.5 2808.0
Wavenumber, cm™!
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E? kﬁ+ (Kn++Pp)?
_ P
hv=E4+ om, + 2m, (2
:' for the opposite directions, and
i 2 2
kn— 1 knO knO
: hv=Eg+ _2mn + 2m, 3
!
H for almost perpendicular directions, when the amplitude of
|' the carrier momentum does not change during the transition.
i HereE, is the band gapm, andm, are the effective masses
' of the electrons and holes, respectively, with<m; K, ,
,' k,_, andk,y are the amplitudes of the momenta of the elec-
' tron moving in the above directions; apg is the amplitude
s of the photon momentum.
pp,' The depletion interval in the conduction bamd,,, de-
> ! termined from Eqs(1) and(2) is
Pp Pp AE :kﬁ,—kir: (kn7+kn+)pp - anopp (4)
> " 2m, mp(1+my/my)  my+m,’

The width of the depletion band in the valence band is
FIG. 6. lllustrating the effect of the momentum of a photon on the SupPres4, most the same as in the conduction band. since the shape of
sion of neighboring modes. . . . . P
the allowed bands is close to spherical at these energies. The
suppression band in the valence band gives a limit on the
] ) __suppression frequency band becausg<m,. The red
The closeness of the intervals over which the lasing,oundary(left dashed line in Fig. is connected with a
mode frequencies can be varied and the intermode separatigsition of an electron with momentuky_ (Fig. 6 from
does create some difficulties in the use of multimode lasergye conduction band into the valance band with transfer of
because of _the need to separate the scanning modes. Hot%'\rt of its momentunp,, to the photon. Subsequently, this
ever, these intervals can be extended by a factor of 2 or 3 byjectron changes its direction of motion until it moves in the

reducing the resonator length. opposite direction and inhibits amplification of the radiation
through transitions of electrons with momentum of absolute

magnitudek,, —2p, from the conduction band into the va-

6. SUPPRESSION OF NEIGHBORING MODES lence band. The energy of the photons in these transitions is
The suppression of stimulated emission by electron dend'VeN by

sity waves® takes place within a substantially narrower (kn-—Pp)? (Ko —2pp)? 2Ky Py

range of photon energies than the intermode intervals, so Rvp-=Eg+ om + om =hv— .

may not be the main cause. We shall show that the photon P " A

momentum provides a much larger interval over which sup- pr, 2KnoPp 2p,2) m,

pression can occur. + m_n:h”_ m—n“L m, mytmy’ ®)

The momentum of a photon makes radiative transitions ) ) ) )
indirect (Fig. 6. The energies of the charge carriers thatEI€Ctrons with momenturk,,.. are involved in forming the

lue suppression boundatthe dashed line on the right of

participate in the transitions are different for different angles” )
ig. 6). This boundary corresponds to a photon energy

between the directions of the momenta of the photon anff
carrier. Elastic scattering reorients the carriers over a time 2k, p, 2p2
(10" 13s) much shorter than the energy scattering time  hv,, =hv+——"+ —"
(107 %) and the radiative recombination time (10s). As a M M

result, one laser mode reduces the carrier concentration 2Kn0Po 2p2 m
> e : _ : p p
within fairly wide energy ranges. The modes in which carri- =hy+ ——+ = . (6)
ers from these energy intervals could participate are attenu- " noene
ated. Equations (5) and (6) imply that hy,, —hv>hv

Let us calculate the energy intervals over which neigh-—hv,_; i.e., the suppression range on the blue side of the
boring modes are suppressed. The transition enefgidger ~ mode is wider than on the red.

the three different directions of the carrier momenta relative ~ The depletion band in the conduction band yields a very
to that of the photon momentuffig. 6) are given by narrow suppression band. On the red side of the laser mode,

2 ) it is
n— n (kn—_ pp) (1) ok 5 )
m
Zmn 2mp hvn,—hvz— nOpp+ pp2 n. @
mp mp

hv=Eg+

for the same directions,
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On the blue side it is The modes closest to the fundamental mode are most
strongly suppressed, since the depletion band in the valence

2 4 . . ) . .
2KnoPp N 2ppmy band is more involved in generating them than in generating

hvn, —hv= m, m?2 ® the distant modes. The depletion band in the conduction
P band produces a suppression interval that is smaller than the

From Eq.(3) we find intermode separation, and therefore it does not participate in
—1 the suppression of the neighboring modes. It, on the other

Kno= \/(hv—Eg)Zmn 9) hand, facilitates multimode lasing. In real lasers, the distri-
bution of defects over the resonator length also affects the
For quantitative estimates we determihe—E, from s_uppression of neighboring modes, as it promotes the selec-
the condition for sufficient gain. We shall start with a power tion of some mode.
law dependence for the interband absorption coefficient as a
function of the photon energy, which is typical of straight 7. CONCLUSIONS
band semiconductors,

m
1+ —
Mp

A study of the emission spectra of InAsSb/InAsSbP la-
hv—E sers operating near 3un has shown that the number of
a=A\T KT 2 (10 lasing modes can be reduced without introducing crystallo-
graphic defects. Dominant lasing in two longitudinal modes
whereA is a coefficient that is~200 cm - K~ Y2 for 111-V separated by two intermode intervals has been obtained.

semiconductorsT is the absolute temperature, akds the The effect of photon momentum on the suppression of
Boltzmann constant. We take a simplified form of the gainspectral modes has been evaluated. It was found that the
coefficient, modes closest to the dominant mode are most strongly sup-
2(hv—E,) pressed. _
L=a——— (2+ ik "L (12) Laser spectroscopy has been carried out on the gases
kT N,O and CHCI using the two modes of the diode laser

whereF, is the depth of the Fermi level in the conduction Studied here. The absorption lines of nitrous oxide were
band at the lasing threshold. If we consider only the opticajdentified and used to calibrate the frequency scale of the

losses at the radiation exit, then laser spectrometer. _
These studies demonstrate the prospects for constructing
1 1 defect-free lasers for high-resolution spectroscopy in which
9= In R’ (12 transverse spatial modes and part of the spectral modes are
suppressed.

whereL is the length of the laser cavity, aitlis the reflec-

e ) ) This work was supported by a grant from the Czech
tivity of the mirrors. From Eqs(9) and (10) we obtain
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We shall calculate the photon momentupy using the
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Wide gap, insulating semiconductor crystals offer great promise in photoelectric devices,
especially as detectors of electromagnetic and nuclear radiation, but are not widely used because
they become polarized during operation. During operation of detectors using these crystals

with a high concentration of deep impurity levels, electrical charges build up and produce a
change, over time, in the electric field within the crystal and in the magnitude of the

detector photoresponse. Since it is impossible to avoid impurity centers in these crystals at this
time, we propose new approaches to creating radiation detectors-dosimeters which do not
become polarized over time, but rely on productive use of the polarization charges that accumulate
in them. © 1999 American Institute of Physid&S1063-782609)01712-3

RADIATION DOSIMETRY the crystal material, the electric field distribution between the
layers of the structure changes significantly. The free photo-
We propose constructing detectors in which the polarizacarriers created in the crystal by the light will be drawn to the
tion charge is limited to a certain fixed value. When thiscorresponding electrodes by the electric field in the crystal
value is reached, the polarization charge leaves the crystahd create a dc or pulsgaith pulsed illumination of the
and new charge begins to develop in its place, etc. The flowtructure photocurrent in the external circuit of the structure.
of polarization charge out of the crystal will be accompaniedSince the gaseous dielectric is impermeable to the photocar-
by short, periodic currentstandardl pulses in the external riers, an electrical charge begins to accumulate at the bound-
circuit of the detector. The specified, fixed electric chargeary with the gas layer. Because of the charge buildup, the
accumulates in the detector crystal between successivglectric field strength in the crystal begins to decrease with
pulses when a strictly determined dose of radiation falls orime and that in the gas layer increadeBhe photocurrent
the detector surface. This kind of detector can be used aspulses in the external circuit of the detector begin to decrease
radiation dosimetet? in amplitude with time when the structure is subjected to
The proposed dosimeter can be constructed using metaleonstant pulsed illumination. When a certain, fixed amount
gaseous dielectric—single-crystal wide-gap insulatingof charge at the boundary with the gas layer is reached, the
semiconductor—metal structures, i.e.(®D)IM structures. electric field in the gas layer attains the breakdown level.
Depending on the electric field strength in the gas layer irBreakdown of the gas layer is accompanied by an avalanche
these structures, the gas layer will be in one of two bistablef ionized carriers: electrons and positively charged fons.
states: low conductivity, when the field is low, or high con- The charge on these carriers reduces the polarization charge
ductivity (gas discharge due to collisional ionization andat the boundary of the gas capacitor to a level such that the
photoionization processgsvhen the electric field in the gas electric field in the gas-filled gap falls below the critical
layer is high. The resistance of the gas layer differs by manyalue. The gas discharge stops and the gas layer returns to
orders of magnitude in these two states and the transitiothe low-conductivity state. A short current pulse flows in the
from one of the bistable states into the other takes place atexternal circuit during the time of the gas discharge. After
certain breakdown voltage that depends on many externghe gas discharge ends, the field strength in the crystal in-
parametergthe thickness of the gas layer, its pressure, temereases in accordance with the magnitude of the residual po-
perature, etd). It has been shown that, when an externallarization charge at the boundary with the gas layer. When
voltage Voo=1—2 kV) is applied to this structure, the elec- the structure is subjected to constant illumination, gas break-
tric field strengths in the semiconducting crystal and gaslown will be cyclical. Here the photoresponse pulses in the
layer turn out to be quite different because of differences ircircuit of the structure are not directly related to the gas
their dielectric permittivities. The field strength in the gasbreakdown. It has been shoWhthat in structures of this
layer is much higher than in the crystal and is close to theype with a stable solid dielectrignica), when the structure
breakdown valué. is illuminated by light that is photoactively absorbed in the
When there is no radiation, this field distribution in the crystal, the photocurrent flowing in the external circuit of the
structure remains unchanged for a long time. When the strucstructure decreases with time to zero as the polarization
ture is illuminated by light that is photoactively absorbed incharge develops at the boundary with the mica because the

1063-7826/99/33(12)/3/$15.00 1328 © 1999 American Institute of Physics
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FIG. 1. Photoresponse of a metal-gas discharge—insulator—metal diamofid®: 2. Photoresponse of a metal—gas discharge—insulator—metal diamond
dosimeter exposed to a steady ultraviolet light. a — Schematic diagram ofiosimeter exposed to a pulsed ultraviolet light: current pulsgsir( the

the experimentl — optical transparent electrodes— gaseous dielectric ~ €xternal circuit of the detector. The wavelengthis 0.337x10°° m, the

layer of thicknessly=6x10"°m, 3 — insulating crystal of natural dia- area of the illuminated detector surfaceSs 10" m?, the energy of the

mond of thicknessl; =3 10™4m, andR, — load resistance. b — Pulses laser light incident on the surface of the structure during a single pulse

of current from the gas dischargd)(in the external circuit of the dosimeter ~(Without attenuating filtepsis 2.2x 107°J, the pulse duration is 16 s, and
under steady illuminationy = 1300 V. the frequency is 10 Hz. Voltagéy, (V): a — 1000, b — 1200.

electric field in the crystal goes to zero. Using a bistablgi9h. infrequent pulses and lower-amplitude pulses at the

gaseous insulator in the structure makes it possible to retuifPetition rate of the radiation pulsésig. 2). ,
the structure periodically to the initial electric field distribu- 1 he first type of current pulse is caused by the gas dis-

tion between its layers when it is subjected to constant irracharge and determines the ener@ose of the incident

diation and, thereby, to employ these structures in a radiatioRY!Sed radiation between two successive discharge pulses.

detector-dosimeter that does not become polarized with time."® Other type of current pulse is caused by the photore-

When the structure is subjected to steady irradiation, peSPONSe to the pulses of detected light and measures their
riodic current pulses flow in the external circuit which mea-Shape and intensitjFig. 2). o _
sure the energydose of the incident radiation. The dose of ~ Each pulse of the detected radiation creates a certain
radiation incident on the detector surface over the time bepolanzatlon charge in the crystal at the boundary of the gas
tween two successive currefgtandar pulses from the gas layer, which lowers the electric field strength in the crystal.
discharge is determined by the voltage applied to the strucs @ result, the response in the external circuit of the detector
ture and does not depend on the intensity of the radiation ofoM €ach of a succession of light pulses will generally be

the size of the irradiated detector surface. The radiation dog@Wer than the previous one, until the total polarization
over a fixed interval of time is determined by the number 0fcharge in the crystal reaches the critical value which causes

current pulses within that time intervh?.Figure 1 shows the Préakdown of the gas layer. After a regular gas breakdown,

photoresponse of this kind of dosimeter under steady iIIumiIhe electric field distribution in the structure returns to the

nation. A sequence of pulses in the gas discharge curdnt ( original dark value for the previous cycle_. T_hus_, the train of
in the external circuit can be seen over timg. (The energy photoresponse puls_es_produced by periodic light pulses_ of
of the radiation incident on the surface of the structure ovefdual amplitude will, in general, decrease from one dis-
the time between two successive current pulses is 2.harge current pulse to the nefig. 2a. In nonpolarizing

x 1078 J for this voltage. This type of dosimeter is original detectors, the amplitudes of the photoresponse pulses pro-

and is suitable for operational monitoring of the energy c)fdu.ced by all the light pulses should pe identica}l. Detectors of
electromagneticand nucled radiation. this sort based on metal-gas discharge—insulator—metal

structures can be made in several ways.

One way of creating a nonpolarizing detector based on
metal—-gas discharge—insulator—metal structures on small-
area crystals is to increase the applied voltégig. 2). As

When the structure is irradiated by a periodic radiationshown in Ref. 2, during the time between two successive gas
pulse, two types of current pulses flow in its external circuit:discharge pulses, the critical polarization charge at the

DETECTOR-DOSIMETER FOR PULSED RADIATION
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l the detector surface is substantiallyy an order of magni-
tude greater than the are®,, then the contribution to the

15 c photoresponse of the structure from this segment of the illu-

minated surface%,) will be negligible and the train of pho-

I, a 3 7 on the surface of the structure during the time between these
/— + Vo= R discharge pulsgs . N .

L :l—;%/ _ Another way Qf making a nonpolarizing detector is to
L ’ increase the illuminated detector area. It has been found ex-
______,' perimentally that breakdown of the gas layer of the structure
— takes place over an area of its surf&ge< 10 m?, regard-

{1'0 llll o .dl. + do less of the surface area that is illuminated. Each successive
0.1 0.2 breakdown takes place at a new portion of the area of this
x, cm layer. The change in the electric field strength in the crystal
during detection of the radiation occurs only in this break-
1.5 b down segment of the surface of the structu®)( The
change in the electric field strength in this segment causes
f 1.0 the observed change in the amplitude of the chain of succes-
'53 } sive photoresponse pulses when the structure is illuminated
=gl
L

l l l l ' ' | by light pulses of equal amplitude. If the illuminated area of

f 1.0 toresponse pulses between two successive gas discharge
s pulses will have the same amplitude. We see in Fig. 3 that as
:. 0.5 l l the area of the illuminated surface is increased, the amplitude
of the photoresponse pulses becomes approximately the
0 01 02 03 04 05 same in magnitude. The detector is essentially unpolarized

t s when the illuminated area of its surface i§>1.5
X 10" °m?. This type of device can be made from crystals

FIG. 3. Photoresponse of a metal—gas discharge—insulator-metal diamorgith |ow values of the parametepsr, such that ur
dosimeter on an insulating crystal of bismuth silicate subjected to pulsed< 106 cr?-V~-1 where u is the carrier 'mob'l't and- i
ultraviolet irradiation on parts of its surfa¢avelengthh = 0.54x 1075 m, ’ » W Ml ! iy, 1S

pulse repetition rate 50 Ha/q,=1500 V). a — Schematic diagram of the their lifetime. The high sensitivity of devices using these
experiment:1 — optically transparent electrode3,— gaseous dielectric ~ crystals to the detected radiation is determined by the high
layer of thicknesslo=60x 10~ m, 3 — bismuth silicateBi,,Si0,) crystal electric field strength in the crystal, 2910° V/m (Ref. 2.

: ; _ _ . ) - ' AR
with a thickness ofl, =210 *m.R, is the load resistance. b, ¢ —are the We have therefore demonstrated the possibility of creat-
photoresponses of the metal—-gas discharge—insulator—metal structure when

areasS=3x 107 cn? (b) andS=1.25<10"5 cn? (c) of the gas layer are 1N & NEW type of device based on wide-gap insulating crys-
irradiated. The high, infrequent pulses are the gas discharge cudent ( tals: nonpolarizing radiation detector-dosimeters which per-
pulses and the lower amplitude pulses with a repetition rate of 50 Hz are thenjt simultaneous measurement of the shape and intensity of
photoresponse pulsed)(from the light pulses. pulsed radiation and of the energy per pulse of the radiation.
This work was supported by the International Scientific-
Technical Cente(Project 447.

boundary of the gas layer decreasasd there are changes in
the electric field in the crystal and in the magnitude of the 'P. G. Kasherininov and A. N. Lodygin, Pisma zh. Tekh. F23.(4), 23
photoresponse of the structur€igure 2b shows that when a 2|(31997)K[TehCh-_ Phys. '—Ztti&’\?lL(lg%]- o 21, ekt F28.(22). 64
voltageV,,=1200 V is applied, the detector does not polar- (1'935 ;ZC‘E””F',?S/‘S’ aCettZA-l 1-100(13&%;] isma Zh. Tekh. F22.(22), 6
ize, so that it becomes possible to make simultaneous meaw. p. Bogoroditski and V. V. PasynkovElectronic Materials[in Rus-
surements of the shape and intensity of the radiation pulses sian|, Gosenergoizdat, Mosco@961).

as well as of the energy per pulse of the radiation from the4'- A. Zelenin, P. G. Kasherininov, and V. E. Khartsiev, Pis'ma Zh. Tekh.
number of response pulses between two successive gas dighiz- 22 (5). 861996 [Tech. Phys. Lett22, 132(1996].

charge pulsesfor a known energy of the radiation incident Translated by D. H. McNeill



	1265_1.pdf
	1267_1.pdf
	1272_1.pdf
	1276_1.pdf
	1279_1.pdf
	1284_1.pdf
	1291_1.pdf
	1293_1.pdf
	1297_1.pdf
	1301_1.pdf
	1304_1.pdf
	1309_1.pdf
	1315_1.pdf
	1318_1.pdf
	1320_1.pdf
	1322_1.pdf
	1328_1.pdf

