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Results from current studies of the parameters of deep centeitd-indél-, and I-SiC are

analyzed. Data are presented on the ionization energy and capture cross sections of centers formed
by doping SiC with different types of impurities or during irradiation, as well as of intrinsic

defects. The involvement of these centers in radiative and nonradiative recombination is examined.
This analysis of published data illustrates the large effect of intrinsic defects in the SiC

crystal lattice both on the formation of deep centers and on the properties of the epitaxial layers
themselves, such as their doping level and polytype homogeneityl99) American

Institute of Physicg.S1063-782609)00102-7

INTRODUCTION of operating characteristics through studies of the parameters
and distributions of the deep centers.

Progress in modern power generation and space technol- The purpose of this review article is to generalize the
ogy requires the creation of semiconductor devices that areurrently available data on the parameters of deep centers in
capable of operating at elevated temperatures and under higi-, 4H-, and 3C-SiC and to analyze their properties from
levels of ionizing radiation. One of the semiconductor matethe standpoint of their possible influence on the characteris-
rials upon which such devices can be based is silicon catics of device structures based on silicon carbide.
bide.

The substantial advances in the development of SiC
technology over the last 10—-15 years have made it possib@E
to develop almost all the basic types of semiconductor de-
vices based on SiC, including the first integrated circuits. At the end of the last century, Acheson proposed and

Deep centers determine many of the most important papatented a method for industrial production of SiThe
rameters of semiconductor devices. Deep centers in the bulRystals grown by this method were highly dopép to
of a semiconductor have an effect on the lifetime and diffu-10°*cm %), were not of a uniform polytype, and were small,
sion mean free path of minority charge carriers, the effi-at 10<10x3 mm (Ref. 2 studies of samples of this type,
ciency of light emitting diodes and photodetectors, the gairfRound observed1907) light associated with the passage of

of transistors, and the magnitude of and temperature coeff@" €lectrical current through a crystah ‘more detailed
cient for the breakdown voltage @ n junctions. Since at study of the electrical luminescence of silicon carbide was

this time it is impossible to predict theoretically the main made by Losev in 1923-194Ref. 4. He found that one of

parameters of impurity and defect centers in the new semit-he types of emission was associated with the presence of a

. . L : : special “active layer” on a crystal surface. Later he showed
conducting material, the principal source of information on . S
. . that this layer has electron conductivity and the bulk of the
deep centers is experiment.

) . . sample has hole conductivity. Losev also established the ex-
) It is e_wdent '_[hat further gdvanc_es in the technology _Ofistence of a coupling between rectification and electrical lu-
SiC and in creating new devices will, on one hand, requirginescence. Thus, the two most important phenomena for
studies of the parameters of deep centers in epitaxial layetgmiconductor electronics, electrical luminescence and the
andp—n junctions obtained by various techniques. On theectifying properties op—n structures were first observed in
other hand, studies of the parameters of devices that hav§ic crystals. Unfortunately, at that time the electronics in-
already been created can yield additional information on th%iustry was based on using vacuum tubes and these discov-
properties of the deep centers in them. In addition, the varigries remained unnoticed.
ous methods for growing epitaxial layers and creangn Industrial interest in semiconductors emerged after
lead to the formation of different deep centers in the bulk ofShockley’s discovery of the transistor effect in crystalline Ge
the semiconductor and on its surface, which, in turn, affecin 1949. At about this time, Lely proposed a new method for
the characteristics of the devices created from them. Thus, #rowing SiC crystals.Here, single crystals were grown by
is possible to determine the optimum combination of techsublimation as a result of distiling SiC through a vapor
nologies for creating a given type of device with the best sephase from hotter into colder regions.

BRIEF HISTORY OF RESEARCH ON THE
MICONDUCTOR PROPERTIES OF SIC
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In the first half of the 1950s, the search began for semitors, rectifying diodes, field-effect transistors, bipolar transis-
conductor materials capable of operating at higher ambiertors, and thyristors!~*3
temperatures than Ge. Thus, the attention of many research- Now the largest companies specializing in the produc-
ers turned to silicon and silicon carbide. In the next 10—18ion of semiconductor technology are engaged in the experi-
years many papers were published on the properties of Siental production of devices based on silicon carbide, along
and on the development of semiconductor devices basedith intense research: CREE and WestinghoysSA),
on it. Thomson and Schneider Electriq(&rance, ABB (Switzer-
However, in the beginning of the 1970s industrial inter-1and, Siemens(Germany, and Hitachi(Japap. Unfortu-
est in silicon carbide had again waned. Evidently, this was &ately, because of the overall collapse of science and the
result of the incomparably greater success in the deveblﬁlectronics industry in the Soviet Union, the work of Russian
ment of Si and GaAs technology compared to that for SicScientists and the scientific potential they had developed in
The substantial technological difficulties in growing silicon the physics of SiC have, in recent years, been ignored in their
carbide and fabricating devices based on it meant that th@Wn country.
parameters of the resulting devices were far from the theo-
retically expected values. 1. SOME FEATURES OF THE CRYSTAL STRUCTURE OF
The next 15 years of research on the properties of SiGc
were conducted by a few research groups, most of which
were in the USSR. In 1970, Vodakov and Mokhov proposed Silicon carbide is among the most striking repreg.enta-
a sublimation “sandwich method” for growing epitaxial Sic tives of the polytype compounds. The term “polytypism”
layers® According to this method, the growth process took'WaS: itself, specially introduced for carborundum, because

place as the vapor source and substrate were brought tthe different crystalline forms of SiC are structurally very
gether. close to one another. At present, more than 140 crystalline
At the end of the 1970s, Tairov and Tsvetkov also pro_mod|f|cat|ons of SiC are knowH‘._ , , .
posed a method for growing bulk SiC crystatkat was a All the knqwn polytypes of SI|.ICOI’1 carp|de crystallize in .
modification of Lely’s method. This method was based Onaccordance with the close sph('arlcal' packing 'a".V an'd are bi-
the condensation of the vapor on a single crystal substratd®Y structures con _strgcted of |de_n tical layers differing both
Growth took place at temperatures near 2000 °C. The diam-! th? order of positioning of a cubiC or he_xagonaH layer
eter of the grown ingot was determined by the size of theand in the number (.)f these_ layers per unit cell. The p_olytype
substrate(currently about 50 minand its length was deter- is usually characterized using the Ramsdell notattamhich
mined by the duration of the fabrication process. The poly_consists of a natural number equal to the number of layers
: . ' er period in the direction perpendicular to the basal plane
gzesztélécture of the ingot was determined by the polytype 0gnd an alphabetic symbol characterizing the syngony of the
’ . e Bravais lattice:C for cubic, H for hexagonal, andR for
Based on these technologies and modifications of themfhombohedral. The most widespread polytypes dte 8H,

an entire series of SiC semiconductor devices had been d?LBR and  (Fig. 1). Although the position of the closest of
veloped by the mid-1980s in the laboratory of Vodakov andneighboring atoms is the same for each atom of silicon or

Chelnokov at the loffe Physicotechnical Institute and an ©Xtarbon in all the polytypes, the position of the most distant

tensive range of studies had been undertaken on the eleCtri‘}%ighbors differs, and this leads to the appearance of crystal-
propert?es of silicon carbide, including the parameters an%graphically nonequivalent sites in the SiC lattice-(#vith
properties of deep centers. _ _ one cubic and one hexagonalH6with two cubic and one
Finally, interest in silicon carbide as a prospective matehexagonall® At present, there is no satisfactory theory in all
rial for semiconductor electronics was revived after NiShi”Oregards, capable of explaining why SiC crystallizes in the
developed a method for the CVD epitaxy d€3SiC films on  form of a large number of polytypes. It is also not com-
silicon substrate$.Using standard equipment and large aredpletely clear which factors favor the formation of one or
substrates opened up possibilities for rapid commercial utilignother polytype.
zation of these results. Several types of field-effect transis- |t is known that silicon carbide is a semiconductor with
tors were quickly produced using films of this type. How- an indirect band structure. Here the width of the band gap
ever, the parameters of these devices, like the quality of thgepends substantially on the polytype and ranges from 2.39
films themselves, were still low. In addition, of the silicon ey for 3C-SiC to 3.3 eV for H-SiC. Experiment and
carbide polytypes, G-SiC has the lowest band gafE{ theory show that the maximum of the valence band lies at the
~2.4eV) and, from the standpoint of peak operating tem-enter of the Brillouin zone, while the minimum of the con-
peratures, it is only slightly better than GaP. Thus, shortlyduction band lies at its edge. The strong dependence of the
afterwards the same CVD method was used to obtain filmgpand gap on the polytype structure is attributable to this fact.
of 6H-SiC on the basis of |8-SiC substrate¥’ The combi-  According to Hymphreyst al,” the spin-orbit splitting of
nation of a modified Lely methotsubstrate CVD epitaxy  the valence band is 10 meV.
(epitaxial layerg on the (000) facet of Si, and plasma In the polytypes that are more complicated thaih &nd
chemical etchingmesostructure formationmade it possible  3C, there is yet another feature of the band structéif@in
to obtain an entire series of semiconductor devices based dhe analysis of the electronic spectra, the alternation of the
silicon carbide—blue light emitting diodes, ultraviolet detec-layers in long period polytypes can be regarded as the action
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FIG. 1. The location of Si and C atontsollow and solid circles, respectivelyn the (1@) plane for the SiC polytypes@ 4H, and 6H. The labelsA,
B, andC correspond to different positions of atoms in a dense packed hexagonal structure. The $yarztksdenote hexagonal and cubic sites of atoms
in the lattice, respectivel{?®

on an electron situated in a crystal with cubic modification2. PARAMETERS OF DEEP CENTERS IN SIC
by some superperiodic |_ootential._ln this treatment, the €ON5 1 Major dopant impurities in SIC
duction band breaks up into a series of subbands. The anisot-
ropy in the effective masses in the polytypes and its depen- The allowed states in the band gap of semiconductors
dence on the specific structure of the crystal can be explaine@re traditionally divided into “shallow” and “deep.” This
in terms of these ideas. division is extremely arbitrary and shallow states are usually
The existence of polarized absorption bands, which ar@ssumed to be those with ionization enerdigs 0.1 eV and
attributable to transitions among minibarfd<’is an impor-  deep states, those wity>0.1 eV (Ref. 24. For silicon car-
tant feature of the electronic superlattices. These absorptidpide this division is even more arbitrary, since even the
bands are observed in crystals of various polytypes, and iground donor and acceptor levels have ionization energies
all cases their position in the spectrum and their polarizatiorE;=0.1 eV. Thus, strictly speaking, in silicon carbide all the
are in agreement with calculations of the electroniclevels that have been studied are deep. However, in the fol-
spectrd®??23 The basic parameters of the SiC polytypeslowing we shall refer to the levels which determine the re-
6H, 4H, and 3 are listed in Table I. sistance of the base regions as shallow compared to the
deeper levels which do not make a noticeable contribution to
the concentration of the majority charge carriers.
Nitrogen. Specially undoped SiC layers hawvetype

TABLE |. Some parameters of SiQRefs. 135 and 209
conductivity. This is explained by the uncontrolled doping of

Parameter H-SiC 6H-SIC 3C-SiC  the growing layer by nitrogen. In addition, nitrogen has a
Band gap, eV 32 30 >3 fairly high solubility in SiC (=10?*cm™3) and the lowest
Lattice constant, A a=3.09 a=3.09 434 ionization energy of all the impurity donor levels. By im-
N c=10.48 c=15.12 planting N ions it is also possible to obtain thin, heavily
\T\;‘/‘Z:TTSLSO”"“C“V'W 3-5 3-5 5 doped layers of SiC for forming ohmic contaéts.

The existence of nonequivalent sites in the SiC lattice

Critical breakdown field 2-3 2-3 >1.5 . .

strengthE,,, mV/cm shows up most clearly in the energy position of the deep

Electron mobility ., 800 200—300 1000 centers associated with nitrogen atofh2 In all the main

gm:/(Vi_S) (30? K)fm / , ) . polytypes of SiC, nitrogen atoms have been observed in as-
aturation rate, m/s . P . . . .

Hole mobility 60 50 40 sociation both with cubicd) and with hexagonalk) lattice

sites, with the ratio of the level concentratiorié,(N;) cor-

cmé/(V-s) (300 K)
responding to the ratio of the number of hexagonal and cubic
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sites in the crystal lattices of the different SiC polytypes.6H-SiC crystal lattice is 2:1. Thus, it is more probable that
Np/Nc=1:1 for 4H, Np/Nc=1:2 for 6H, and N,/N;  the HK; and HK, levels correspond to different types of
=2:3 for 1:R. According to the latest studies, the ionization deep centers in 18-SiC (Al, N) than to a single type of
energies of the nitrogen levels af&.—0.081, E.—0.138,  center formed in different nonequivalent sites of the SiC
E.—0.142eV (6H)],%° [E.—0.052,E.—0.092eV (H)]*  crystal lattice.
Most investigators assume that nitrogen occupies a carbon A photocapacitance method has been usedpdr-n
site in the SiC latticé®3? However, data exist, at least for structures obtained by Al ion implantati‘tj‘nto observe a
3C-SiC and especially at concentratiosd0™cm 3, which  band of levels in the upper half of the band gap, at energies
indicate that nitrogen also displaces silicBihis contradic-  of 0.15-0.5 eV with a capture cross sectiom,
tion may be explained by the fact that when SiC is doped~10~22cnm?.
with nitrogen, various complexes are formed in association  Thus far, there are no clearly determined data on the
with intrinsic defects of the SiC or background impurities, ionization energy of Al in different nonequivalent sites of the
which have a different position in the lattice than that of SiC lattice, although in a number of papers an energy sepa-
single nitrogen atoms. Thus, observations of Ti—N pairs haveation has been reportédin any case, the observed differ-
been reporte?é in 6H- and 4H-SiC, which formed a donor ence in the ionization energies was0.03 eV, which, as a
level E.—0.6eV. rule, is less than the spread in energies obtained by the dif-
It has been reportédithat in the purest M-SiC layers ferent authors. Based on a number of optical and electrical
the electron spin resonan¢EBSR usually associated with measurements, we may assume that at least one center with
nitrogen levels is absent. This was belie¥eth indicate a  an ionization energyE, +0.23+0.01eV is associated with
significant contribution from intrinsic defects to the conduc-impurity Al in SiC. For 4H-SiC(Al), deep level capacitive
tivity of lightly doped layers of SiC. Another feature of spectroscopyDLTS) has revealed the presence of a level
SiC(N) samples is the formation of an exciton bound to awith E,+0.23eV®
neutral donor level of nitrogen. The lines associated with  Aluminum ion implantation has been used to create
recombination of this exciton in the luminescence spectrunheavily doped spacers for fabricating ohmic contacts to
of 6H-SiC have wavelengths of 4122, 4142, and 414¥ A. p-SiC. It is also possible to obtaip—n structures by ion
Aluminum. The p-type silicon carbide is customarily implantation of Al in epitaxialn-type SiC layers. Attempts
obtained using AP"~3*which forms the shallowest acceptor have been made, although not very successfully, to obtain
levels in the lower half of the band gap and has the highesBiC/AIN solid solutions by implantation of large doses of Al
solubility (~10?*cm3).%° and N6
It has been showfi that when the Al concentration is The doping of SiC with aluminum was the only method
raised from 18 to 10°*cm™3, its ionization energy de- (until GaN light emitting diodes were produdefdr creating
creases from 0.27 to 0.1 eV. Later, it was shéthat the  light emitting diodes with peak emission in the blue region
ionization energy of the Al levelsH,+0.24 eV) is indepen- of the spectrum. Introducing aluminum also leads to the for-
dent of its concentration up t0>610°°cm ™2 if the degree of mation of a bound exciton whose presence can be traced in
compensation of the epitaxial layers k<0.01. Fork all the main polytypes of Si¢’
>0.01, the ionization energy dropped to 0.1 eMj(~5 Boron. A large number of papers have been devoted to
X 10?°%cm™3). These results were explained in terms of per-studies of the diffusion of boron in Sit§-®3This impurity is
colation theory*? i.e., the interaction among all the forms of of interest because in SiC boron forms acceptor levels and
impurities in the compensated semiconductor gives rise to aoan be used to make—n junctions. In addition, boron has a
additional potential which reduces the ionization energy otigh solubility, 1°cm™3, and is one of the most rapidly
the impurity. This explanation, however, does not rule outdiffusing impurities in SiC. One feature of the diffusion dis-
the formation of several types of deep centers when silicoftribution of boron in SiC is the existence of surface regions
carbide is doped with aluminum. (high concentration, low effective diffusion coefficiennd
Thus, deep level current spectroscopy oH-&IiC  bulk regions(conversely, low concentrations, high diffusion
p—n-structures with am-base doped with Al during the coefficients.*® This sort of distribution of the boron means
growth process has been ut observe two deep acceptor that smoothp— n junctions are obtained with rather extended
levels which are absent in undoped samples produced by treampensated regions as a result of its diffusion m8iC.
same techniqueddK, (E,+0.22eV, 0,=3.6x10 *2cm?)  This may result inS-shaped current-voltage characteristics
andHK, (E,+0.28eV, o,=1.3X 10‘1§cmz). The ratio of  for a diode produced in this manrf&rAnother shortcoming
the ionization energies of thédK; and HK, centers, of boron, as a shallow acceptor impurity, is its substantial
Ei»/E;1=1.27, which is substantially greater than the energyionization energy, E,+0.35eV, according to Hall
ratio for acceptor impurity atoms lying in different non- measurement®:®! Thus, at room temperature the degree of
equivalent sites of an SiC crystal latti€€The concentration ionization of the impurity is negligible and, despite the high
of the HK; center (N;) remained essentially constant in all concentration of uncompensated acceptors, the concentration
the samples that were studied, a3X10*°cm 3. At the  of ionized holes is still low. Thus, efficient injection of holes
same time, the concentration K, (N,) fell sharply when from a boron doped emitter can be observed only at high
the overall degree of compensation was changed slightly, seemperatures. All this has meant that Al serves as the main
that the ratioN,/N; changed from 7-12 to 2, although the acceptor impurity for doping SiC. However, the diffusion of
ratio of the amount of cubic and hexagonal sites in theboron has not lost its relevance for certain special problems
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in the technology of silicon carbide. One of these applica6H-SiC layers and produge— n structures based on thefh.
tions is the production of light emitting diodes with peak ESR spectra of an acceptor Be level have been stddied.
emission in the yellow region of the spectrumH#&SIC). It The similarity of the structure of this center to that of the
has been found that boron doping yields luminescence witRhallow boron level was noted.

hv=2.14eV> The diffusion of boron into epitaxiah—n Magnesium. The formation of two new levels has been
structures makes it possible to obtgir-i —n diodes?***It  ghserved(DLTS) in n-6H-SiC following implantation of
has been showit,*that with boron doping in SiC, in addi- Mg ions (E.—0.49 andE,—0.45 e\}.”® Annealing to tem-
tion to a shallow boron center, a de@pcenter is formed peratures of-1600 °C leads to a rise in the concentration of
(E,+0.58eV). Later, an analog of thB-center was ob- these deep centers.

served in H-SiC.>"*8The formation of two types of levels, Scandium. In DLTS studie$* of SiC(S¢ a deep center
which are not different charge states of a single center, aftefith an energyE, +(0.52—0.55) eV has been observed; the
diffusion of boron into SiC is evidently related to the com- position of its DLTS peak depends strongly on the electric
plexity of the diffusion distribution of B in SiC. For ex- field strengthE in the space charge laydiE=(1—2.6)
ample, it was assumétthat boron atoms diffuse in the form x 1¢f Vicm]. This was explainéd in terms of the Poole-
of associates with the intrinsic defects of the SiC lattice. Thi$renke| effect, and the observed deep center attributed to Sc.
assumption is in agreement with a stttigf the concentra- |t js also known that Si(S¢) samples have a photolumines-
tions of shallow center boron and tHe-center in SiC cence peak in the yellow-green region of the spectrufd (6

samples doped with boron using different techniques. It wagolytype.”> When SiC is doped with scandium, it is possible
shown that during diffusion mostljp-centers are formed, to obtain p—i—n structures with a highly resistive

while during boron doping in the course of growing epitaxial 7-region’®
layers, mainly shallow boron centers are formed. On the  Titanium. Of the transition metals, Ti and V have been
whole, it appears entirely probable to us that the surfacgtudied in greatest detail as impurities in SiC. On the one
branch of the diffusion distribution is caused by shallow bo-hand, this is explained by the fact that these metals are char-
ron centers, i.e., boron atoms occupying sites in the SiC crysacteristic background impurities in SiC and, on the other, by
tal lattice. The volume branch, on the other hand, is fOI'mE(iheir |arge effect on the electrical properties of doped
by borontintrinsic defect complexes. samples. Some time ad6/8it was found that introducing Ti
According to the latest ESR data, the structure of theeads to the appearance of narrow lines at energies of 2.79—
shallow boron center corresponds to a boron atom whiclp 86 eV in the photoluminescence spectrum ¢i-6iC.
displaces Si (By), while the deep boron center is a complex These lines were observed it6, 4H-, 15R-, and 3R-SiC
of a boron atoms with a carbon vacarf€y*'Note that the  and the number of lines corresponded to the number of non-
D-center is a characteristic level for SiC and has been obequivalent sites in the crystal lattice of a given polytype. At
served in material grown by various techniqiés’ the same time, this sort of spectrum was not observed in the
Gallium. Gallium is another acceptor impurity in silicon 21R and 3C polytypes of SiCTi). The relationship of Ti
carbide, but with a lower solubility than Al 1.2  atoms to the observed photoluminescence spectrum was con-
x10cm 3)*% and a higher ionization energyE, firmed by a study of optically detectable magnetic resonance
+0.29eV (8H) andE,+0.3eV (4H)]**®it is essentially (ODMR) in 6H-, 4H-, 15R-, and 1R-SiC(Ti).”® However,
not used for fabricatingp—n structures. The ionization en- studies of the electron Spin resonafﬁ(,sé demonstrated the
ergy for gallium impurity has also been found to be indepenexistence of centers associated with Ti only if-8iC.
dent of its concentration. In the different SiC polytypes, Gasimilar results were obtained in DLTS-studies of SiC
has similar ionization energies, as fa€E, +0.34eV) and  samples that had been ion-doped with titanftfF two deep
15R (E,+0.3eV)? Just as aluminum, gallium is a substi- centers associated with titanium were observed in
tution impurity in a silicon sublattic® and it can bind an 4H-SiC(Ti), E.—0.12 andE.—0.16 eV; which correspond
exciton®® to a hexagonal and cubic position of the impurity in the
Indium. Very little is known about the properties of [attice. In 6H-SiC(Ti) there were no such centers. A general
indium in silicon carbide. It appears to have a low solubility analysis of the data for SiTi) has been given by Dalibor
(~10cm™3),%° and it has not been possible to obtainetal® They suggested that the empirical “Langer-
p-type SiC layers by implanting indium during growth. Heinrich” (LH) rule, which had been proposed earlier for the
1=V and I1-VI compound$* applies to the SiC polytypes.
According to the LH rule, the energy location of the levels of
the transition metals in a series of isovalent semiconducting
Beryllium. In studie&® of SiC(Be) it has been found that compounds is unchanged with respect to some common en-
Be is an amphoteric impurity in SiC. Photoluminescence hagrgy level; in other words, the mutual position of the Ti
been observed in- and p-type 6H-SiC(Be) crystals with a  levels in the SiC polytypes remains fixed and does not de-
maximum in the red at 1.85-2.1 e\293 K).%° As the tem-  pend on the polytype parameters. At the same time, the pos-
perature is lowered, a band with a maximum-aR.4eV  sibility of observing these levels by different methods is de-
flares up in the photoluminescence spectrum pefype  termined by the magnitude of the band gap of a given
samples. Beryllium has not been used to fabricate devicpolytype. Thus, the ground state of titanium, observed by
structures based on SiC. Only recently has it been shown th&LTS in 4H-SiC, will not be observed by this method in the
Be ion implantation can be used to fabricate epitagifype  other (narrower gap SiC polytypes, since it is beyond the

2.2. Other types of impurity centers in SiC
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SiC polytype 4H 6H 15R 21R 3¢
bandgap energy
at Zk in eV ; 3.292 3.050 3.073 2.880 2.417

[+

E(Ti(k),(A7/A")

”La'nger- Heinrich-rule"

AE(E,)

E(Ti(k),(A+hY)

44 SLGC:
AE(TL(k))= (160 £ 10) meV
162 meV < AE (Ex ) < 252 meV

J:A Feap
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FIG. 2. A diagram illustrating the application of the Langer-Heinrich rule for an impurity Ti center if%SiC.

limits of the gap(see Fig. 2. The energy of an exciton bound in terms of the HL rule. The reduction in the band gap
to a Ti atom, however, is lower. Thus, photoluminescencd AE~0.22 eV) on going from ¥ to 6H means that the two
owing, which is attributable to recombination of this exciton, shallower levels lie beyond the confines of the band gap and
has been observed in SiC polytypes with a smaller band gaphe ionization energy of the deeper level is reduced by an
Based on the observation of excitons bound with Ti k-4  amountAE.
6H-, and 1R-SiC and their absence in the narrower-gap  Molybdenum. A center associated with background im-
21R and 3 polytypes, the binding enerdAE(Ex)] of this ~ purity Mo has been fourfd in commercially produced
exciton was estimatétl to be 162mewAE(EX) (CREB SiC epitaxial layers. It was found that Mo in
<252meV. 6H-SiC occupies a silicon site in the lattice and can coexist
Vanadium. Studies of the behavior of vanadium in SiC in two charge states, one of which forms an acceptor level in
became especially relevant after it was found that dopinghe n-type material near the middle of the band gap. In this
with V leads to the formation of semi-insulating layers of regard, it was concluded that using ohmic contacts based on
silicon carbidé®® Introducing vanadium during CVD Mo at high temperatures may lead to diffusion of Mo into the
growth yielded epitaxial layers oft6-SiC with a resistivity  bulk semiconductor, compensation wftype material, and
of 3000(2-cm. These results were explained by the forma-device degradation.
tion of a deep donor in S¥) near the middle of the band Manganese An ESR spectrum has been obserfeahd
gap E.—1.59eV) which was overcompensated by a back-attributed to a doubly charged donor state of an impurity Mn
ground acceptor impurityboron. According to data from atom lying in a hexagonal site of a6 SiC lattice.
various sources, vanadium is an amphoteric impurity in SiC;  Phosphorus.As a group V element, phosphorus should
i.e., it leads to the formation of both donor and acceptorform donor centers in SiC. However, since a shallow donor
levels80818788p| TS on SiQV) has been used to observe with good solubility in SiC is availablénitrogen, there has
yet another level with ionization energieE.—(0.65 been limited interest in investigating other donor impurities
—0.75) eV andE;—0.97 eV for the & and 41 polytypes, in SiC. Phosphorus forms two donor levels ifl&iC, lo-
respectively??89-91209t has been proposed that the HL rule cated at hexagonal E(—0.085eV) and cubic H,
holds for vanadium impurity in silicon carbidé. —0.135 eV) lattice site® With phosphorus ion implantation
Chromium. As for the levels formed during doping of it was possible to obtain*-layers of 64-SiC with electri-
SiC by chromium, there is as yet no established viewpointcally active donor concentrationg3x 108cm ™2,
In a study of 64-SiC ion-doped with Cr, two levels with Oxygen. By analogy with Si, it can be assumed that
E.—0.38 andE;.— 0.34 eV, were observed; the signals from there will be a high concentration of background oxygen in
these levels completely disappeared after the samples we8C which can have a significant effect on the parameters of
annealed alT=1600 °C’3 At the same time, in Si(Cr) ob-  fabricated devices. However, because of the small number of
tained by a similar technique three levels have been observesiudies on this topic, it is, as yet, difficult to judge the valid-
in 4H-SiC (E.—0.15, E;,—0.18, ande.—0.74 and one in ity of this assumption. The effect of dopant oxygen on the
6H-SIiC (E.—0.54eV)89 These results were interpreted intensity of blue and yellowboron photoluminescence in
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TABLE Il. Parameters and properties of some impurity centersHn &nd 4H-SiC.

Energy location, eV

Lattice Participation Donor or
Imp. 6H-SIC 4H-SiC site in recomb. Other properties acceptor
N E.—0.081 E.—0.052 @632 Bound excitoft Heteropolytype D
E.—0.138 E.—0.092° Sis (cf. Al, Ga, B) epitaxy
E.—0.14%° 6H=3C
(Refs. 136—13B
Al E,+0.23143 E,+0.23% Sit? Bound exciton Heteropolytype A
E,+0.1-0.27® (Ref. 47 Al-N DAR, epitaxy
CA recomb** %7 6H=4H
(Refs. 136—-13B
B* E,+0.3505! E,+0.29 Si6061 B-N DAR'® Heteropolytype A

epitaxy H=4H

(Refs. 136-13B

Ga E,+0.2546° E,+0.3465 St Bound exciton A
(Ref. 66, Ga—N DAR,

CA recomb** %’

Sc E,+0.52-0.5%* Sit40 Yellow-green PL Heteropolytype A
(6H-SiC)™® epitaxy 6H=4H
Ti E.—0.6eV, E.—0.12, Si7 e Bound exciton A2
(Ti—N pairg® E,—0.16283 Refs. 77, 78
Cr E.—0.54° E.—0.15 AB®
E.—0.18
E.—0.74°
v E.—0.72%° E.—0.9728° Site Radiative Semi-insulating B
E,+1.6%" intracenter layef88 non- e
transitior?® radiative recom-

bination centef

Note: * The properties oD-centers bound to boron are shown in Table 1flA conduction band—neutral acceptor radiative transition.

6H-SiC has been studied.No correlation was observed be- 4H, 6H, and 1R polytype samples, including in the fine
tween the oxygen concentration and the intensity of the bluétructure of the lines associated with the existence of non-
luminescence, while it was found that oxygen is a coactivaequivalent sites in the SiC lattice. Qualitatively similar re-
tor of the yellow luminescence. A study oF4SiC samples  Sults have been obtained in a study of polycrystalline SiC
that have been ion-doped with oxygen has been Mateo layers implanted with E 01 Evidently, the structure of an Er
shallower E.—0.3 andE.—0.44 eV} and three deepers  center in SiC and its properties are similar to the properties
—0.74, E.—0.9, andE.—0.95e\j centers were found. Of erbium in other semiconducting materials.
These centers were attributed to the formation of complexes The parameters of the impurities in SiC studied most
containing oxygen atoms. extensively are listed in Table Il. The table shows that there
Argon. Argon implantation can be used to produceis a similarity in the parameters and properties of centers
semi-insulating SiC layers, for example, to protect the peformed in the different polytypes of SiC when they are
riphery of Schottky diode&*° Argon implantation leads to doped by given impurity if the given deep centers develop in
the formation of a band of acceptor centersniSiC with ~ the lower half of the band gap. If a given impurity forms
energiesE.—(0.2-0.8) eV. centers in the upper half of the band gap, then the parameters
Erbium. Erbium doping leads to the appearance of a(@nd even the numbeof centers in the different polytypes
narrow line with a wavelength of1.54um in the photolu- ~ can be different. This property of silicon carbide shows up
minescence spectrum of various semiconductoss.radia-  even more clearly for intrinsic and radiation defects in SiC.
tion source in this optical band is of great interest from aThus, for describing the properties of the latter, we thought it
practical standpoint, since it coincides with the absorptionimore appropriate to use the order of discussion of the mate-
minimum of quartz optical fibers. It is assumed that this pho-ial used in Sec. 2.3.
toluminescence is associated with an intracenter transition in
Er atoms which are falrly Weakly bound to the surroundingz_g, Intrinsic defects in silicon carbide
semiconducting matrix. Single crystal samples &f-46H-,
15R-, and 3C-SiC that were ion-doped with erbium have 2-3-1- Centers in the lower half of the band gap
been studied® In the above-mentioned portion of the spec- L-center. In studies of &1-SiC p—n-structures pro-
trum of these samples, a narrow photoluminescence lineduced by ion implantation of AlID structure$, deep centers
whose intensity is essentially unchanged over temperaturesith ionization energiesE,+0.24eV ando,~10 *cn?
of 2—-400 K, was detected. At>400K, the photolumines- (L-center$ have been observéd.L-centers have also been
cence was observed to quench rapidly. No significant differobserved inp—n-structures obtained by sublimation epitaxy
ences were observed in the photoluminescence spectra BE structuresand in severap—n-structures produced by
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containerless liquid epitax§CLE structures In the implan-  of i-centers. In SBb—n structures it has been found that the
tation structures their concentration increased near the medistribution ofi-centers is essentially constant over the entire
allurgical boundary of thgg— n-junction, while in the other depth of the base regidf®
types of samples there was no noticeable profile in the dis- It has been fourff that both &-SiC inclusions in epi-
tribution of L-centers. taxial 6H-SIC layers and activator-centers for defect elec-
The ionization energy of the-centers was close to the troluminescenc€DEL) are formed under the influence of the
data obtained by other methods for the ionization energy ofame mechanisms, which must be accompanied by relax-
an impurity Al level® However, while in the case of the ID ation of stresses in the epitaxial layer. In other words, besides
p—n structures the presence of Al atoms in the base regioa realignment of the 8- SiC lattice with formation of inclu-
and a drop in their concentration far from tperegion can sions in a cubic phase, it is possible for stress relaxation to
be explained, for the sharp CLE and SE structures the presake place through merging of intrinsic defects into the more
ence of Al in then-base at concentrations10'cm 2 ap-  stable and more energetically favorable complexes which are
pears improbable. To clarify the relationship between theactivators for defect electroluminescence. Since the activator
observed.-center and impurity Al atoms, a study was madefor defect electroluminescence is atenter(see Sec. 4)3
of CLE and SEp—n structures with an-base doped with this suggests that it is a complex consisting principally of
aluminum during growth of Si@\I).*® Based on studies of intrinsic defects of the SiC crystal lattice whose concentra-
these samples, it was conclud&if%that theL-center is a tion increases after irradiation or implantation. This assump-
defect complex, which does not directly include an Al atomtion is in good agreement with the results of Ref. 91, where,
and develops both after diffusion and implantation of Al andbased on experiments on the thermal stability of defect elec-
for other reasons, as well. Later, analogs ofltheenter were  troluminescence in SiC crystals with different concentrations
observed in #-SiC samples obtained by sublimatt8hand  of intrinsic structural defects, it was found that a carbon va-
in 4H- and 6H-SiC samples obtained by CV{5:1%° cancy is included in the composition of the luminescence
i-center. BesidesL-centers, DLTS spectra of 6-SiC  center-activator.
ID structures have revealed a deep level in the lower half of D-center. Although aD-center is not a purely structural
the band gagani-centej. Various analysis techniques have defect(it obviously includes a boron atomit is a character-
shown that the DLTS peak of thecenter is broadened and is istic background center int6- and 4H-SiC grown by vari-
not described by the classical equation for the DLTSous technologie® 3 These centers were first observed in a
spectrunt® The observed broadening of the DLTS spectrastudy of DLTS spectra in SiB) structures and along with
may be caused by the overlap of capacitance signals fromcenters in a study of SE sampfés® The closeness df;
two (or morg deep centers with ionization energies and  ando, for i- andD-centers led to overlapping of their DLTS
E,. The ionization energy of thiecenter was found to be in peaks in SE and ID structures. Thus, the ionization energy of
the intervalE, +(0.52—0.58) eV. the deep centersE(®) determined for structures of these
Analogous ID structures have been obtained on the bastypes varied in the range 0.5F;<0.58 eV. A study of the
of epitaxial films of H-SiC. Their DLTS spectrum was parameters of- and D-centers for electric fields of (1-7)
similar to the spectra of ID samples oHESIC and an ana- X 10°V/cm yielded no noticeable dependence of the ioniza-
log of the i-center with E.+0.53eV was observed in tion energy of these deep centers on electric field strefth.
them2°®107The closeness of the parameters of itteenters Although the ionization energy of B-center is more
in 6H and 4 indicates that the structures of these centerghan 10% greater than that ofiecenter, the cross sections
are similar for these polytypes. The distributioniedenters  for hole capture at these centers have the opposite relation,
in the base region of a diode has been measured in ID struso that the charge exchange time constants for these centers
tures based ont- and 4H-SiC.1% When the distribution are very close af ~300 K. Here the deepd-center under-
profile of i-centers in structures based ohl-4SiC was ex- goes charge exchange at lower temperatures, so that the total
trapolated, good agreement with the beginning of the profildLTS peak looks like a peak from a single centeig. 4). In
in structures based onHs SiC was observed; this suggests order to separate the signal from these deep centers, the cur-
that the character of the distribution istenters in structures rent relaxationi-DLTS method has been us&th!'2 This
based on #-SiC and 61-SiC is the saméFig. 3). Acom-  method has a high resolving power, since it essentially yields
parison of the distribution of the-centers and thé&l;—N,  the first derivative of the DLTS spectrum. In addition, the
profile obtained from capacitance-voltage characteristicsise of other temporal windows made it possible to enter a
showed that the distributions of the compensating defects itemperature region where the charge exchange time con-
the base are the same as the distribution ofithenterst®®  stants for the observed deep centers differ more strongly.
Thus, compensation of the base region in ID structures i§igure 4 shows an-DLTS spectrum of an SE structure, in
caused by an enhanced concentration of deep acceptor levelhich the signals from the initial centers can be seen
(i-centers near the metallurgical boundary of the clearly!®
p—n-junction. The acceptor nature of thecenter is also Thus, in SE structures boih and D-centers exist. The
confirmed by the ratio of the cross sections for carrier capionization energies of these centers are independent of the
ture (0,>0,) for this deep center. It has also been fotfid electric field strength in the space charge layer in the ranges
that implantation of Al in the purest epitaxial layers of of concentrations and reverse voltages that have been
4H-SiC leads to formation of an S-shaped current-voltagestudied®®!'° Methods for resolving the DLTS signals in
characteristic, which has been related to a high concentratiaimese structures showed th&-centers predominate in
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a b r concentrations of these leveNi andNg, were the same to
4—‘ within 10—20% in all the surface-barrier structures that were
studied.Ng andNg~10°cm 23 were close to the values of
Nr and Ng in ID and SE p—n-structures based on these
2 2 . epitaxial layers. Thus, we may conclude that during the cre-
ation of ap— n-junction, there was no significant change in
the concentration of th®- and S-centers.

In CLE structures the concentrations of these deep cen-
ters were also the same and were, on the average, an order of
magnitude lower than in SE structures. It has been sfiown
that these centers are formed after irradiation and ion implan-
tation of 6H-SiC. Since these levels annealed out at different

L ! temperatures, it appears that they belong to two different
200 300 . 400 500 centers and not to a single doubly charged center. A double
? center €,/E,) (E.—0.34,E.—0.41), which has parameters
FIG. 4. DLTS(a) andi-DLTS (b) spectra of SEp—n structures with large  Close to anS-center, has been observed in substrates ob-
(1) and small(2) ratios of the concentrations af and D-centers. The tained by the Lely methdd® and subsequently in epitaxial
Eaéasmrsts%j Of the spectra arg:=10, ,=30ms (@ and 4,=0.1, &> |5uers grown by CVD'® R- and S-centers have been
' ' examined'® as the main centers for nonradiative recombina-
tion (see Sec. 5)1
SiC(B) and i-centers predominate in ID structures. Addi- Z1/72. Yet another double peakl/z2 (E.—0.6
tional diffusion of boron into epitaxial SE layers prior to —0.7 eV) has been obsen/é8iand subsequently also found
formation of thep—n junction also leads to dominance of in CVD epitaxial layers!* ESR was used previously to
the D-centers. In epitaxial B-SiC layers doped with boron, study several deep centers ik 6SiC substrates obtained by
an analog of thd-center €,+0.54 eV) has been observed the |ely method?® One of the observed centers with an
during growth?*®2 energy~ 600 meV was associated withvg— Vg; divacancy.

_dé)ltherf dhefegts.éb\ center has been_ observed_ neardthelt was suggestéd that this center corresponds to tA&/Z2
middle of the band gapH,+1.41eV) inp-6H-SIiC an center observed by DLTS.

attributed to an intrinsic defe¢t® SiC samples doped with Other centersin some samples of 16-SiC arown b

Mn and V and irradiated by neutrons have been stutiigd. blimafi " ' oF —pl 06 eV (Ref 912 h y

comparison of photoluminescen@®l) spectra and ESR data sublimation epitaxy a centef.—1.06eV ( e.. j)_ gs
{been observed, but not aR-center. A level with similar

revealed the existence of a deep acceptor which is related ] i
the appearance of red photoluminescence. Three tiEps ( parameters has also been observed in substrates obtained by

of p-6H-SiC (commercial photodetectors from CREE, lnc. (Ec—1.45€V) has been found ip- CVD-6H-SiC.'%

D

4C,arb.units
P
di,arb.units

The first two of these have parameters closeitoand 4H-SiC
D-centers, respectively. In CVD-layers of 44-SiC only one background, level
has been observed with energy— (0.63—0.68) e\f#119124
2.3.2. Defects in the upper half of the band gap In epitaxial layers of #-SiC obtained by SE, no centers
6H-SIC have been observed in the upper half of the band'&ap.
R- and Scentersln studies of Schottky diodes based on 3C-SiC
6H-SIC two deep centers have been observed(E, Studies of background defects i€3SiC have been con-

— 15 115-117
—0.35eV,0,~10 *°cn?) andR (E—1.27 eV): The  qucted on epitaxial layers grown on silicon substraf&d?’

Two centers were observed in Ref. 12§Cl (E,
—0.34eV) andSC2 (E.—0.58eV), with DLTS peaks that

.01 hardly stood out against the background of a continuous re-
- 0.8} laxation band. These bands might be associated with a high
g density of volume defects¢dislocations, etg. After eight
oS 0.6 ) o .
¥ - years the quality of the epitaxial films had improved greatly
? 041 and this was reflected in the DLTS spectrum shown in Ref.
= 0.2} 127, in which the signals from the separate levels are now
. . . . . \ fully resolvable. Three deep centers were observed tHére:
0.2 04 0.6 0.8 1.0 1.2 14 T, (E.—0.32eV), T, (E.—0.52eV), and T; (E.

X, pm —0.56 eV), the shallowest of which was identified with the

FIG. 3. The distribution of-centers near the metallurgical boundary of an previously OpserV?(SCl- The parameters of the observed
ID p—n structure. The crosses are foHESIC, the points, for #-SiC.1°”  centers are listed in Table IIl.
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TABLE lll. Parameters and properties of intrinsic deep centersHr 6H-SiC.

Energy Location, eV pro- Conc. rise after Donor
posed Participation or
Center 6H-SIC 4H-SiC structure in recomb. implantation irradiation acceptor
L E,+0.245105 E,+0.245104 V+ 2146 A%
i Ev+0.5f5’106’107 Ev+0.5§.06,107 VC+ ?146 Donor EL158 A| 55,106,107 a—part.““ A55,106
D E,+0.58°%° E,+0.548 B+ V¢ “Boron” EL %% Boron a-part! AS538
60,61,146 diﬁ.55 D123
S E.—0.35(Refs. 115-11y Nonrad. He 82 Electrons A2
(E1E2) E.—0.34/0.418 recomb!*6 128,129
Z1z2 E.—0.6/0.#14118 E.—0.63... Vet Vg He' H*82 Electrons A2
0.68119 82,120 128-130
E.—1.0621:122 Electrond?®
EH4 E.—1.45% Nonrad.
recomb!%®
R E.—1.2715-117 Nonrad. Heg® Electrond®® AB2
recomb!*®
2.4. Radiation doping of SiC studies show that, in terms of radiation resistance, SiC is as

Electrons.In a study ofn-6H-SiC bombarded by 3.5 to good as InP, another radiation resistant semiconductor.

4-MeV electrons, centers were observed in the upper half of
the band gap with energies of 0.35, 0.6, and L.I'"8\AIl 3 |NFLUENCE OF IMPURITIES ON THE GROWTH OF
these defects annealed out at temperatures up 1800 K. EPITAXIAL SIC LAYERS
According to their ionization energies, these defects can be ) _
associated with intrinsic defects: &hcenter,Z,/Z,, and a > Heteropolytype SiC epitaxy
center E.—1.06eV. These experiments were repeated It has been found®**that when certain impurities are
later?® using 2-MeV electrons. Besides an increase in theadded to the growth zone of SiC layers, it is possible to
concentration of the background defeEis/E, andZ,/Z,, obtain epitaxial films of a different polytype than the sub-
a new centeEz/E, (E.—0.57 eV) was observed. A similar strate. Thus, introducing the rare-earth elements Sc and Tb,
increase in the concentration of ti$ecenter €,/E,) was as well as Al and B, led to the growth of epitaxiaH4SiC
obtained for CVD epitaxial layers bombarded by 2-MeV films on 6H-SiC substrate bases. The most efficient transfor-
electronst!® In addition, a centerE.—0.51eV), which an- mation of the polytype of the growing layerH6=4H, has
nealed out at temperatures800°C, was observed. The been observed on introducing the group IV impurities, Sn,
most stable center with respect to annealing was th&b, and Ge. Group V impuritie@itrogen and phosphorus
S-center, which was maintained up to temperaturedacilitated the growth of polytype G.
~1000°C. It was also found that changing the ratio of the Si and C
After bombardment by electrons with energies of 2—2.5concentrations in the growth zone had a significant effect on
MeV, in 4H-SiC CVD structures!®*3°pesides an increase heteropolytype epitaxy. Increasing the Si concentration, for
in the concentration of the background lev&|, a whole example, leads to a rise in the probability of forming-BiC
series of defects was found to be formeHH1 (E.  or other polytypes with a low hexagonal percentage. At the
—0.45 eV), EH2 (E.—0.68 eV), EH4 (E.—0.72 eV), same time, introducing excess carbon made it possible to
EH5 (E.—1.15 eV), andEH6/EH7 (E.—1.65 eV). Most grow epitaxial layers of #-SiC from melts of Gd and Dy,
of these centers also appeared after implantation of He aras well, on 64 substrated® It has also been not&tf that
some other ion& the transformation of the substrate polytype takes place es-
Neutrons.A number of deep centers have also been obpecially easily during growth in thé€d001)C direction. Here
served after bombardment of SiC by neutroBs{ 0.5, E.  the temperature and growth rate had little effect on the het-
—0.24, andE.—0.13 e\).131132|t has been proposed that, eropolytype epitaxy process.
after annealing, stable vacancy complexes are formed in SIC  Thick epitaxial layers of #-SiC on a base of 1% and
which are not electrically active. There are several more re6H-SiC substrates have been produced and then used as
cent papers on the effect of neutron irradiation on the propseeds for growing single crystal ingdtS:**°Growth was on
erties of SiCt*31**Mostly the effect of a given type of ra- the (0001)C facet with Sc added to the vapor phase. This
diation on the current-voltage characteristics of devices werenethod made it possible to obtain epitaxial layers of both
studied. It has been reported that the rate of carrier removaind p-types. It was noted® that a high concentration of Sc
for SiC is on the order of 4.&arriers/cr)/(neutrons/crf),  (=10"cm %) in the epitaxial films produced mechanical
which is roughly a factor of 3 lower than for silicdf® stresses in them. On the whole, the epitaxial layers obtained
a-particles. It has been reportétf that irradiation ofn- in this way had fairly high structural perfection, so that they
andp-6H-SiC by a-particles leads only to an increase in the could be used to make field-effect transistors with a gate in
concentration of already-existing background defects. Thesthe form of ap— n-junction (JFET transistons'*
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3C-SiC layers on a base oft6-SiC substrates can also 0" o7 i
be produced by sublimation growth in excess silicon without +2
additional doping#? In this case the growth of theG3films
takes place with twinning, and the area of a single twin is, at 70
most, 4—6 mrh (Ref. 143. The n-6H-SiC/p-3C-SiC het-
erojunctions produced by a similar technology have been®?
studied™**%° These studies show that in these heteropoly- & 4% .t + 7
type p—n structures, a thinr-6H-SiC defect layer develops = oo S+
between thep-3C and n-6H, which also determines the > *
electrical characteristics of the resulting diode structures. 0" 3

Since the nature of polytypism is still unclear, it is also
rather difficult to understand the nature of heteropolytype
epitaxy. Besides the impurity composition of the growth 0" ' t s 1 L L
zone, various other factors can affect the probability of het- 4 § 12
eropolytype epitaxy, ranging from thermodynarfjicessure, C/Si concentration ratio
temperaturgto crystallographigorientation and the degree rig. 5. The type of conductivity antly—N, (N,—Ng) in 6H-SIiC CVD
of imperfection of the substatelt was found*® for ex-  epitaxial layers grown with different ratios as functions of the concentra-
ample, that if substrates ofH6 SiC produced by the Lely tions of C and Siin the gaseous phab:n-type, (2) p-type.
method with a high density of dislocations-(0° cm™?) are
used in the standar¢for growing 6H layers sublimation
epitaxy process, epitaxial@layers will be grown.

Heteropolytype epitaxy processes have been linked ttion of N atoms in SiC epitaxial layers grown with different
the stoichiometric  composition of various SiC ratios of the C and Si concentrations in the gaseous phase,
polytypest®¢147|t had been observed earlier that the ratio ofalthough, according to Ref. 150, a change in the concentra-
the Si and C concentrations is not constant in the differention of N atoms by a factor of 2.5-3.5 in the SIMS data
SiC polytypes, and that it decreases as the hexagonal peserresponded to a reduction My— N, by a factor of 4 or 5.
centage is increased. It was shown that the ratio of the Si anish our opinion, this indicates the possible existence of an-
C concentrations was 1.046, 1.022, and 1.001 1Gr 8H, other process which also affects the magnitudé&gf N, .
and 4, respectivelyt*® An examinatiof®® of data on diffu- One such process might be a dependence of the concentra-
sion and solubility in various SiC polytypes also indicatestion of background acceptor defect centers in epitaxial layers
that the vacancy concentratidft. is also different. on the ratio of the C and Si concentrations in the gaseous

The observed dependence was explaiffedy the fact  phase; i.e., it might be assumed that as the ratio of the C and
that, when the stresses in the lattice rise as the concentrati@®i concentrations is lowered, the total concentration of back-
of carbon vacancies increases, bonds between atoms in culgipound acceptor levels increases. This assumption is consis-
sites became more energetically favorable. This also led to &nt with a report? that lightly dopedp-layers were ob-
realignment of the crystal and a polytype transformation. Itained at the highest values of the ratio of the C and Si
was also assumé&tf that the bulk ofV¢ is in an electrically ~ concentrations in the gaseous phase.
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inactive state. The formation of@ inclusions in 61-SiC Such an effect, the overcompensation of lightly doped
p—n-structures under the action of a forward current ham-layers by deep background acceptéirsand D-centers,
also been reportetf® has also been observed during growth &f-&iC by subli-

mation epitaxy:®® During studies of epitaxial layers grown
by sublimation epitaxy, it has also been found that increasing
the pressure of siliconRg) in the growth cell(increasing
Larkin et al'®® have found that the concentration of the ratio of the C and Si concentratidrisads to overcom-
electrically active impurities depends on the ratio of the conpensation of the growing layer and, then, with further in-
centrations of C and Si in the gaseous phase during CVIR@reases irPg;, to the growth of ever more heavily doped
growth of epitaxial SiC layers. They referred to this effect aslayers ofp-SiC.1>?
site-competition epitaxySCB.*° The n-SiC epitaxial lay- In studies of 61-SiC layers grown by CVD(in a
ers with uncompensated donor concentratioNs—N,  methane-silanetH, system in our laboratory, it has also
~10*cm™2 have been obtained using SEE1 The ob-  been found that as the ratio of the concentrations of C and Si
served dependence was explaifithy a high concentration in the gaseous phase is increased, there is an initial inversion
of C atoms on the crystal growth surface which inhibits theof the conductivity type followed by the growth of progres-
implantation of N atoms that occupy carbon sites in the latsively more heavily dopeg-layers(Fig. 5). DLTS studies of
tice. This dependence was observed only in the case dhe grown p-layers showed that the main contribution of
growth on an Si-facet of the substrate. During growth on aN,— Ny is from deep acceptor centerE (+0.2+0.02 eV),
C-facet, a change in the ratio of the C and Si concentrationehose parameters are close to those afenters, the usual
had little effect on the concentration of the electrically activebackground center in layers grown by sublimation. The con-
impurity. This model has been confirmed by secondary iorcentration of these centers increasedNgs N, rose(i.e., as
mass spectrometr{SIMS) measurements of the concentra- the ratio of the concentrations of C and Si, which was main-

3.2. Site-competition epitaxy of SiC
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FIG. 6. The position of the maxima of several electroluminescence bands iff'G. 7. A diagram of the possible electronic transitions during charge ex-
SiC polytypes as a function of the exciton width of the band gap*alu- change by injected carriers of deep centers lying in the lower half of the

. . . 59
minum” electroluminescenc®15 (2) “defect” electroluminescenc®*  band gap of am-base'
and (3) “boron” electroluminescencé>®

tained in the gas mixture during growth of the given layer,bution in the intensity of recombination among these deep
was raisejl centers as the excitation level is varied may mean that signs

Thus, we believe that a change in the ratio of the C an®f donor-acceptor recombination may be observed in lumi-
Si concentrations during growth of epitaxial SiC layers notnescence bands associated with other radiative processes
only affects the trapping of nitrogen atoms in the SiC lattice,(€.9-, @ radiative transition of an electron from the conduc-
but also influences the concentration of the background deepn band to a deep acceptomhus, formulas describing the

acceptor levels that are formed. characteristics of electroluminescence based on selected

models and on the parameters of the deep centers involved in
4. RADIATIVE RECOMBINATION AND DEEP CENTERS them have been derived for identifying the emission mecha-
IN SIC nisms of observed electroluminescence banfs>® The

calculations were then compared with experimental data.
Since this approach can be used for identifying the deep
The large band gap in SiC has made it possible to fabeenters, we reproduce the main results of Refs. 157—-159
ricate light emitting devices over essentially all of the visible here.
spectrum. The same mechanism of radiative recombination General equations.et us consider the charge exchange
(the same technique for fabricating a light emitting diode of a deep center lying in the lower half of asbase during
corresponds to different energies for the emission peak imole injection. We shall analyze the case in whigh the
different polytypes; i.e., compared td¢46SiC the location of  concentration of deep centers is much lower than that of
the electroluminescencéEL) maximum shifts to shorter shallow centers antb) the deep center concentration is in-
wavelengths(in the case of a wider gap polytyp@r to  dependent of position. The degree of filling of these deep
longer wavelengthséin the case of a narrower gap polytype centers will be determined by three procesddg. 7):
by an amount roughly equal to the difference between the 1) capture of an injected hole from the valence band to a
band gaps of the given polytype anHi6SiC (Fig. 6). Ascan  level ~ ap,AP(M—m),
be seen from this figure, the energy of the emission peaks 2) capture of an electron from the conduction band to a
depends linearly on the width of the band gap. The interceplevel ~ a,(N,+AP)m, and
formed by extrapolating these curves to zéng,,, can be 3) thermal ionization of a hole into th¥-band ~ g;,
used for an approximate estimate of the ionization energy olvhere a ;)=o) Vi, M is the concentration of deep cen-
the recombination cent¢or the sum of the energies of two ters filled by holes,M is the total concentration of deep
centers, in the case of donor-acceptor recombind®#R)].  centers,8,=N, V.o, exp(~E;/KT), app, is the cross section
Obviously, in studying impurity luminescence bands it is for capture of an electrothole) at a deep centel, is the
important to determine the radiative recombination mechaequilibrium electron concentration in the basgjs the ther-
nism responsible for the given recombination. The distinc-mal speed of the charge carriels, is the density of states in
tive features of donor-acceptor recombination are welkhe valence bandE; is the ionization energy of the deep
known*® a shift of the peak to shorter wavelengths as thecentersk is Boltzmann's constanfl is the absolute tem-
level of excitation is increased, nonexponential relaxationperature, and\P is the concentration of injected holes.
and a shift of the peak to longer wavelengths for longer  The rate of change of the concentration of deep centers
delays between detection and the end of the exciting pulséilled with holes can be written as
These signs, of course, are valid for SiC, as well. However,
the existence of several nonequivalent sites in the SiC lattice dmvdt=(M=m)apAP—(Ny+AP)aym=4im. (4.1
permits the formation of several deep centers with similarThe solution of this equation for the initial conditiobs 0,
parameters by a single type of impurity or defect. A redistri-m=0 is

4.1. Population statistics of deep centers in SiC
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m=M[1l—exp —t;/ty)] 1
T”:n—+,3-' (47)
X{1+[an(AP+Ny) +Bil(apAP) 171, (4.2 FnlIn T Pi
Whereto=[(Nn+AP)an+apAP+Bi]‘1, andt, is the du- An analysis of the temperature dependence of the after-

ration of the injection pulse. We shall consider the caseglow time constar_ﬂrn of.yeI.Iow electroliummescenE%
wheretst, andm goes to saturation. After the forward po- shows that the main contribution to damping the electrolu-
larity pulse ends and thp—n structure is switched to an minescence at low temperatures is from recombination of
initial reverse voltage, the deep centers undergo charge eQ—OIeE ca(?tur_er(]j aD-lcjenters ar?_? of il_etr:]trons in the Con.dL.JC'
change which gives rise to the relaxation of the capacitancg”" Pand, withry >« /ey, while at high temperatures, it is
AC. In our conditions, DLTS is used to measure the chang rom thermal ionization of holes fronD-centers, with,

in the deep center concentratiom, It is known thatAP “1/'3{/' . he th ical d d
=F(l+,X), wherel; is the forward current, anX is the e now examine the theoretical dependente

distance from thg@—n-junction. If AP>N, (a high level of =f(AP,,T). .
injection), then I. Low-temperature region.

The thermal ionization of carriers from deep centers is
m1=ap|\/l(ap+an)_l- 4.3 negligible (B; is smal) and the functionl,=f(AP) breaks
up into three segments:
It should be noted that the concentration measured in this A. A first segment with a linear rise. The luminescence
fashion is not the total concentration and differs from theintensity is proportional to the concentration of deep centers
latter by a factor§, where é=a,/(ap+a,). However, if  filled with injected carriers 1f)). The quantitym rises as
ap>ay, thené~1 and EM~M. The magnitude of is APy is increased.
determined by the ratio of the cross sections for capture of B. A sublinear segment. Sinae,> o, in our case, de-
carriers to a level. spite the fact thatn,>AP, o,AP>o(n,+AP). This means
Determination of the electroluminescence characteristhat essentially all of the deep centers in a given volume of
tics in the case of a radiative transition of an electron fromthe base are filled with holes. The electroluminescence inten-
the conduction band to a deep acceptbr.examining the sity is determined by the terman,(n,+ AP) and the function
population kinetics of deep centers in the lower half of thel,=f(AP,) enters a sublinear segment.df,= o, thenl;
n-base during hole injection, we assume that a transition=f(AP) would be almost completely linear.
from the conduction band to an acceptor is radiative. The C. A second segment with a linear rise. The electrolumi-
formula for the electroluminescence intensity per unit vol-nescence intensity begins to rise further whefycn,,, i.e.,

ume per unit time I, ;) can then be written in the form in the strong injection region. Note that, because of the ex-
ponential distribution of the injected carriersAP
I, = an(Ny+An)m. (44 —Ap,e s, even when case C occurs near the metallurgi-

cal boundary of thg@—n junction, in the depth of the base
region there are regions where cases B and A occur. This
means that in the overall dependence all the interfaces be-

The concentration of deep centers filled with holes is
given by Eq.(4.2) for the casd;> 7 as

M tween the segments are smeared out.
m= . (4.5 Il. High-temperature region.
+n,)+ B s . .
M With increasing temperature, the probability of thermal
apAP ionization of holes from deep centers increases. This means

To obtain an expression for the electroluminescence inEhat complete filling of the deep centers in a given volume

tensity per unit time ), we substitute Eq4.5) in Eq. (4.4) Irequires a high concentration of injected ca.rriezksPQ . The

and integrate over th¥ axis (the X axis is directed from the ow temperature bound.ary of segment' B shifts to hlgher' val-

metallurgical boundary of the— n junction into the depth of ues (APO). and the sublinear segmt_ant IS contracted. It disap-

the base region Since dV=Sdx Ap=Ap,exp(xLp), pears entirely as the temperature is raised further.

where Ap, is the concentration of injected holes in the

region at the metallurgical boundary of the-n junction,S  Analysis of electroluminescence spectra in the case of

is the area of th@—n junction, andL, is the hole diffusion donor-acceptor recombination. The following analytic ex-

length, we obtain pression forl,=f(J,T) can be obtained in the donor-
acceptor recombination model. In the case of donor-acceptor

_MSLyapay A recombination, the recombination intensity per unit volume
h= aptay, Po and unit time|,,  can be written as
Naa,— B [ asny+ Bi+(a,+ay,) AP W4W.
_ B'In( JLLARCIN, 0). (4.6 =M ——, 4.9
aptan an,+ Bi ' To

An expression for the afterglow time constant can bewhereW, is the probability of filling a donor levelV, is the
obtained from Eq(4.1) with the condition for cutoff of in- probability of filling an acceptor leveM is the number of
jection AP=0): donor-acceptor pairs, ant} is the radiative recombination
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time constant. In generak, depends on the distance be- whereCy=C for t;=0. This method has been used to de-
tween the components of a pair. We shall use the averagermine the capture cross sectioniatD, andL centers in
value( 7o) =7, , wherer, is determined directly from experi- 4H- and éH-SiC.>®>"1%8Determining both cross sections

ment. for carrier capture at a center makes it possible to examine its
For the population statistics of the donor and acceptocontribution to radiative and nonradiative recombination in a
levels in the base we can write more rigorous fashion.

n_ R MWW,
dt =(No=n)an(ny+Ap) — annfy— o 4.2. Electroluminescence associated with impurity
aluminum atoms

dm MW4W, . .
a5t =(Mo—m)apAp—ma,B,— —8 (4.9 It has been found previously that in the short wavelength

7o portion of the luminescence spectrum pf-n structures
doped with aluminum and nitrogen K6 SiC(Al, N)), it is
possible to distinguish four peak®1%*2"which have been
attributed®®?” to phononless recombination at an Al-N
donor-acceptor pairh(y=2.78 eV) and their one-, two-, and
three-phonon echoes.
2AB The spectra in Refs. 27, 162, and 163 were analyzed
= 5 . taking into account the existence of nonequivalent sites for
A+B—Mab* V(A+B—roMab)*~4AB impurity atoms in the SiC crystal lattice. In a study of
(4.10 SiC(Al, N) light-emitting diodes it was found that the elec-
In the following we consider the solution with the in the  troluminescence spectrum depends on the concentration of
denominator; subtraction leads to division by zero. To findthe introduced aluminum. Two main peaks in the lumines-
the recombination intensity per unit timg,, we integrate  cence spectrum have been identiffédin addition tohw,

whereNy=My=M is the total concentration of donor and
acceptor levels.

For constant excitatiordn/dt=dm/dt=0, the solution
of this equation is

v,t

Eq. (4.10 over the volumeV of the base. SincdV=Sdx ~2.92eV, which is associated with annihilation of a free
we obtain an expression for numerical integration: excitort®): 2.75 eV, a conduction band-Al level transition
(CA recombination, and~2.58 eV, donor-acceptor recom-
1 apApo(Apgy+n,)dy bination. Most other papers on the electroluminescence of
l=SL,M (4.1 SiC(Al, N) light-emitting diode$'1%®-1%8eport observing a

0 K+ VKZ=4x(n,+Apoy)Apoy
v (N APoY)APoy single maximum withhv~2.6—2.7 eV, which became nar-

where rower and shifted to shorter wavelengths as the forward cur-
rent density was raisel§’1%®
K=n+Apoy(A+1)+ 7oap(Ny+Apoy + Bn) (Bp Although when interpreting the spectra of $i; N), all
+Apy), authors have assumed that recombination proceeds with the
participation of acceptor Al levels, the parameters of the lat-
N=apla,, andy=exp —x/Lp). ter have not been determined sufficiently unambiguously.

The observed scatter in the experimental data may possibly
o ) be explained by the formation of several types of deep cen-
Determination of the magnitude of the second cross sec- ters with different ionization energies during doping of SiC
tion for capture of carriers from DLTS spectra. The pres-  \ith aluminum. An attempt has been mafeo interpret the
ence in the base of a diode of a deep center which undergogssctroluminescence spectra of &€ N) p—n structures
charge exchange during injection makes it possible to deteruSing the already known spectra of deep centers.
mine the cross section for capture at this level of both the Figure 8 shows electroluminescence spectra 4§ $iC
majority and minority charge carriers. _ samples doped with aluminum during the growth procés,
For concreteness, we consider deep centers in the oW} \which HK1 and HK2 centers have been observeste
half of the band gap of an-type base. In this case the hole gec 2.1 The figure shows that the electroluminescence
capture cross section can be determined directly from D'-T%pectra have a maximum at450—490nm. In addition,
spectra. To determine, with DLTS, the reverse voltage is \ypile the samples in whichiK2 centers predominated had a
not applied instantaneously after the forward voltage pulsgjngle peak, for the samples where the concentrations of
but after a timets during which the reverse voltage at the these centers were similar the peak was split into two com-
p—n structure equals zero. Over the timgethe deep center _ponentsk; ~ 455 nm(peakC) and\ ,~ 480 nm(peakD). As
undergoes charge e_xchange by electrons from the conduction,y 55 increased, peaR shifted to the other side of high
band and the amplitude of the DLTS pedkC, decreases. energies(as is typical of donor-acceptor recombinaion
The quantityo, can be determined from the tangent of the yhjle peakC was essentially unshifted, but its intensity in-

AC=1(ts) curve: creased more rapidly witd. All these results suggest that
Co—AC peaks C and D are caused by different recombination

n—— mechanisms.
A(AC)=Cy—Coe &/M10n= o = Co (4.12 The ratio of the amplitudes of the peaks varied non-

Vinty monotonically withJ. At low currents their amplitudes were
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Y if the D peak has the characteristic features of donor-
‘ acceptor recombination, then pe@kis obviously caused by
I other recombination mechanisms, such as radiative recombi-
! nation of an electron at a neutral acceptor.
! A calculation of the temperature dependence of the in-
If! tensity using Eq(4.6) showed®® that substantial agreement
with experiment was obtained with the functiop=F(T)
] calculated using the parameterstbK1 centers.
I As noted above, the electroluminescence spectra of
! g SiC(Al, N) samples differed strongly with high and low for-
z ' ' 8 ward current densities. This may be explained by the pres-
7 ence of two types of spectra with different dependences of
P the intensity onJ; i.e., the peaks<C and D, which depend
| linearly onJ and are coupled télK1 centers, are superim-
posed on a “background spectrum” which depends weakly
I on the forward current densitperhaps coupled to tHeK?2
centers.

The following conclusions were reach&:

1. The structure of the electroluminescence spectra of
SiC(Al, N) samples depends strongly on the forward current
density. The electroluminescence spectrum is evidently de-
4 termined by different radiative recombination mechanisms at
| J~1 Alen? and I~ 100 Alcnt.

3 2. The electroluminescence spectrumJat100 A/cn?
can be explained by radiative recombination involving the

!
. W\j observedHK1 deep centerE,+0.22 eV).

T

hall

I;,arbunits
NT

T

B 4.3. “Defect electroluminescence”
f Short wavelength luminescence at energies of 2.6-2.3
300 42,0 500 550 750 eV was observed in 1966 by Makard?in n-SiC(6H) crys-
' A,nm tals after bombardment by K and Li ions with subsequent

annealing. The luminescence spectrum consisted of two trip-
FIG. 8. Electroluminescence spectra d¢f-65iC(Al) samples with different  |ets of narrow linegH- andL-lines) located near energies of
forward current densities and different ratios of the concentratior$kaf 2.6 eV and a broad, structureless band with an emission peak

andHK?2 centergthe ratio of their concentrations is denotedKjyat room . 172
temperature. For the sample wkh-1 J— 1.2 (1), 4 (2), 12(3), 40(4), and &t 2-35 €V. It was later establishéd""*that the broad band

120 Alent (5). For the sample wittk<1 J=8 (6), 20 (7), 40 (8), and IS not an extension of the fine structure and it was proposed
120 Alcnt (9).1° that this band is caused by radiative recombination involving
a donor nitrogen level and an acceptor center which arises
during implantation. The structure of th& andL-lines has
roughly equal, then with increasirdgpeakC essentially van-  been studied in detail with their temperature dependéfites
ished, then it appeared anew and either exceededpdak  and the spectrum itself is designatedas.
J~10A/cn? or separated from pedR as a shoulder. Here TheD1 spectrum has been recorded in SiC after irradia-
the spectrum of the test samples at low currents was similaion with electrons,”* neutrons.’® and various types of
to the photoluminescence spectra of the BICN) samples  ions!’? It has therefore been possible to fabricate efficient
of Refs. 161-163 and 27, while at high currents it was simidight-emitting diodes operating in the green region of the
lar to the emission spectra of the light emitting diodes of Refspectrum based ont6-SiC that has been ion doped with Al
164 (concentrations oK1 andHK2 are similay and Refs. and Gat’® Irradiation has yielded luminescence with similar
167, 168, and 11concentration oHK?2 is greater than that properties in other polytypes of Si€*1’!Since this sort of
of HK1). luminescence appears as a result of irradiation or the implan-
A comparison of the DLTS spectra and electrolumines-tation of various kinds of ions in SiC, it was proposed that
cence spectra of samples dfi6SiC(Al, N) showed a unique the luminescence activator-center is either a purely defect
correlation of peak€ andD with the presence diK1 and  structuré’’ or is a complex of an intrinsic defect with a
HK?2 deep centers in these samples. There was no correldackground impurity atorh’® No deep centers coupled to
tion of these electroluminescence peaks with any other degphis defect have been observed.
centers. Thus, we can say that radiative recombination of Later, it was notet?® that there had been some termino-
carriers involvingHK 1 andHK2 deep centers is responsible logical confusion, since in a number of pagéfs’>1"8the
for the electroluminescence at energies of 2.5—-1.75 eV in thB 1 spectrum was assumed to be justtheandL-lines and
emission spectrum of-SiC(Al, N) p—n structures. Here, their background echoes, while in othErs°this designa-
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tion was extended to the entire spectrum of this lumines-
cence. As a result, after it was shoththat theH- and
L-lines can be explained by recombination of a bound exci-
ton, some writers attributed the entire spectrum observed in
Ref. 170 to this recombination mechanism. From the stand-
point of the authors of Ref. 158, this is incorrect, since it
contradicts the earlier result§:17?In Ref. 158, it was pro-
posed that the terr@1 be retained for the short-wavelength
portion of the spectrum observed by Makardke H- and
L-lines), while the long-wavelength portion of this spectrum
(the broad, structureless banshould be called “defect”
electroluminescence. It is possible that defect electrolumi-
nescence and the1 spectrum are caused by recombination
of carriers involving deep centers of similar tyges even of
a single typg but the specific emission mechanisms for both
parts of the spectrum may be different.

DLTS studie$®®1918have established an unambiguous

I, arb.units

correlation between defect electroluminescence tdf @Gnd 170 ! L ’ ) 1
4H-SiC p—n-structures and the presence ietenters in 102 170° 0?2
these structures. .7,A/cmZ

An analysis of the characteristics of defect electrolumi-
nescence from the standpoint of the different recombinatiofff!G- 9. The intensity of boron electroluminescence i-6iC as a function
mechanisms led Andreest al.158 to the conclusion that the of forward current for different temperaturds(K): (1) 300, (2) 630; the
L smooth curves are calculat&d.
bulk of the recombination proceeds through donor-acceptor

pairs such as-center—nitrogen. Calculations based on this

model using Eq(4.1) with the parameters of these centers,,, into three segments and as the temperature is raised, the
are in good agreement Wlt_h__experlment, WhICh ObV'OU_Slysecond(subIinea} segment vanishe@ig. 9). The afterglow
does not exclude the possibility of bound exciton’s beingijme at low temperatures was mainly determined by the time
formed next to ani-center. Optical lines attributable 10 it constant for capture of electrons from the conduction band

would be found in another region of the spectrum. We note,nq 4t high temperatures, by thermal ionization of holes
also that the presence of three nonequivalent sites in the Sl@ig_ 10.

crystalline lattice for both donor and acceptor centers can
lead to the formation of several pairs with similar param-
eters, each of which will contribute to the total spectrum.

of

4.4. Relationship of “boron” electroluminescence and
D-centers in 6 H- and 4 H-SiC

A correlation between the existence of “boron” elec-
troluminescence [hv~2.14eV (8H) and hv~2.14eV 51
(4H)]in 6H- and 4H-SiC p—n structures and the presence
of D-centers in these structures has been foird’ This
correlation indicates that these centers participate in the ra-
diative recombination process. Earlért®® it had been
found that the high temperature “boron” electrolumines-
cence in &-, 4H-, and 3C-SiC is caused by conduction
band-acceptor radiative transitions. Thus, in an analysis of 3+
experimental data on the dependence of the electrolumines-
cence intensity on the forward current density and tempera-
ture and of the temperature dependence of the afterglow
time, Anikin et al’®” began with the idea that this electrolu-
minescence is caused by radiative recombination of a hole
trapped at &-center and an electron in the conduction band.
Calculations based on Eg#4.6) and (4.7) were in good ! L —
agreement with experimeiiFigs. 9 and 1pfor samples of Z 5. J
both polytypes. As the figures show, the experimertal 0°/T,K

:f(APO’T) and7=1(T) curves contain all the features im- FIG. 10. The afterglow time constant of boron electroluminescence in

plied by an analysis of the corresponding expressions fromy_sic as a function of the reciprocal of the temperatiii®:experiment,
Sec. 4.1. At low temperatures theg=f(APg, T curve breaks (2) calculation including only the contribution of hole thermal ionizatin.
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Note, however, that for 8- and 4H-SiC samples the
sum of the ionization energy of tHe-center anchv,,, for

the electroluminescence will be less than the band gap of the g
corresponding polytype. It has been assutfiéd that, from
the standpoint of the energy position of the levels, a correla- 2

tion between the “boron” electroluminescence and a radia-
tive transition of an electron from the conduction band to a
D-center is possible, if the Frank-Condon shift for this center
is <0.35eV. It has been proposéfithat the hole capture

cross section at ®-center has a strong temperature depen-
dence, which leads to a reduction in the real ionization en-
ergy when it is determined from a DLTS spectrum. Taking
into account the necessary correction, the ionization energy -
of the D-center was found* to be E,+0.74+0.02eV,
which eliminates the contradiction noted above. o

I,arb.units

L 1 J
400 500 600 700
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4.5. Electroluminescence of 6 H- and 4 H-SiC p—n structures
when several channels for radiative recombination exist

Even in Losev's papers it was noted that when the forf1e: L Electoumnescence specta of S sampiestic win o

ward current density is raised, the emission spectrum of SiG at room temperature (A/ch (1) 4, (2), 40, (3) 120169

p— n structures shifts to shorter wavelengths. An explanation

for this effect, which is based on a tunnel mechanism for

current flow in SiCp—n structures, was proposé® This  diffusion mean free path for holes as the temperature rises

explanatiof® is evidently not of interest for modern Si€  (see Sec. 5)1

—n structures, where the thermal injection current mecha- Therefore, thehy,,=f(J) observed in several Si@

nism dominates. —n structures may be explained by the superposition of sev-
Studies have been made of the location of the electrolueral independent electroluminescence lines which saturate at

minescence peak inH-SiC ID and SEp—n structures with  different forward current densitie@lifferent concentrations

different concentrations of the uncompensated donor impuef the injected holes The agreemeht’!8®between experi-

rity in the base and different concentrations of backgroundnental and theoretical dependencesHteoy,= f(J) confirms

deep acceptors?:186 the validity of our determination of the activator centers and
It was found that in SE structures oH4 and BH-SiC as  recombination models for defect electroluminescence and

the forward current density is raised, there is a smooth shifboron electroluminescence in SiC.

of the electroluminescence peak over the approximate inter-

val 2.14-2.35 eV (Bl) and 2.4-2.52 (W). Capacitive and 5 pepp CENTERS AND NONRADIATIVE RECOMBINATION

current spectroscopy made it possible to detectand N sic

D-centers in SE. As has already been shown, these de%p o

centers participate in various mechanisms for radiative re2-1: Influence of deep centers on the diffusion mean free

combination and the intensity of the electroluminescenc@ath and litetime in 6 H-SiC p=n structures

they produce depends in different ways on the excitation It has been found previousfi~1*that the hole lifetime

level. Thus, inp—n structures obtained by sublimation epi- in n-SiC lies in the range 10'—10 °s, and that their diffu-

taxy the electroluminescence spectrum is a superposition afion mean free path is in the range 0.0, It is clear that

two electroluminescence bands, whose ratio of intensitieg SiC, as in an indirect band semiconductor, most recombi-

(the position of the maximunhy,, of the resulting band nation involves deep centers. However, no centers which

depends on the forward current density, iley,=1f(J). could determine such a short lifetime have been found.

Calculation$!®8 of hy,,=f(J) based on Eqs(4.6) and The temperature dependence of the hole diffusion length
(4.1 with the parameters and concentrations ferand in epitaxialn-6H- and 4H-SiC obtained by different tech-
D-centers were in good agreement with experiment. nologies has been studié®:*°2It was found that the diffu-

It has been showfi*'®that if the concentration of deep sion length Lp) increases with rising temperature. This sort
acceptor impurities in the base of a diode is low, then forof variationL ,= f(T) can be explained either by the partici-
high forward current densities a peak associated with reconpation of rather shallow levels in the recombination or by a
bination of a free excitofiFig. 11) will appear. The intensity negative temperature dependence for the carrier capture
of this band (g,) increases witll aslg,=(J)", wheren lay  cross section at a deep recombination center.
in the interval 2.2-2.7 for different samples. Such a rapid It has been found® from an analysis of current-voltage
rise in the intensity of the exciton line may be associatedcharacteristics and the magnitude lof in 6H-SiC p—n
with (1) temperature quenching of all the electrolumines-structures that most nonradiative recombination involves
cence lines except the exciton line, @ an increase in the multiply charged centers whose parameters are different in
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structures obtained by different techniques. These centers, 07
however, have not been observed experimentally.

It has been predicté@¥that the major center for nonra-
diative recombination in SiC is vanadium. This conclusion
was based on the observed inverse proportionality between 0wt
the intensity of donor-acceptor recombination in AlI-N and
the intensity of the luminescence associated with an intrac-
enter transition at a vanadium center, i.e., the intensity of
donor-acceptor recombination was damped as the concentra- « 70
tion of V was raised. The proofs invoked there are not ex- §
haustive from our standpoint, since a large number of differ- LR
ent factors, in addition to the carrier lifetime, can affect the
intensity of donor-acceptor recombination. This includes the 70
concentration of the centers, which was not determined in
Ref. 90.

A complex study has been mad®of the recombination 11
characteristics of nonmajority current carriers and the deep 70 7 X7i .7 5 5
center characteristics inH6-SiC p—n structures produced 0 K 0 -3 70 0
by different methods. An analysis of the experimental data Ney €T

ShO\_NEd that _the relaxation |If§tlme of nonmajorlty_ ChargeFIG. 12. The square of the hole diffusion length iH-@IC epitaxial layers
carriers () in SE structures is roughly 2 ns and in CLE g5,y by different technologies as a function of Reenter concentration:
structuresr,=20—30ns. The diffusion lengths for the mi- (1) SE p—n structures(2) CLE, (3) CVD.
nority current carriers in CLE and Sg—n structures with
different levels of background doping were found to lie in | .
the intervals 0.4—1.5 and 0.05—Qudn, respectively. C|pr_ocal C!epgndence &f, on the concentration of these lev-
The proposed lifetime was calculated using the param€!S 1S maintained for all three types of sample. ,
eters of the observed deep centers. The calculations showed 1herefore, these centers are currently the most likely
that the only level whose parameters could explain the op¢andidates for the role of “killers” of lifetime in 8i-SiC.
served lifetime is thé level. A calculation using the param- Centers of this sort have not yet been observedHn SiC.
eters of arR-center yielded a value af,, roughly an order
of magnitude longer. Here the concentrations R¥f and
S-centers in structures of both types were the same. Th
previously noted long lifetime of minority charge carriers in In 6H-SIC p—n structures where the electric field is
CLE structures compared to that in SE structures was exparallel to the direction of th€ crystal axis, the breakdown
plained by a lower concentration 8&fandR deep centers in voltage generally has a negative temperature coeffi¢®ént.
the CLE structures. A study of the dependence,gfand Lf, In a number of papers this has been attributed to the crystal-
at room temperature on tif#and R concentrations showed line structure of hexagonal SiC polytypes and to the exis-
that these quantities are inversely proportional. tence of a natural superlatti¢&%° Otherg®® 2%t have sug-
The observed temperature dependencé. pfcould be gested that the negative temperature coefficient for the
explained only in terms of the parameters of a shallowebreakdown voltage may be related to charge exchange of
S-center. A doubly chargedR—S center has been deep centers, as has been shown for silf®%%or to the
proposedf'® as determining the recombination parameters folow structural perfection of SiC crystaf&*
the two types of 61-SiC p—n structures that have been Studies have been m&d&2% of 6H-SiC p—n struc-
studied. However, later work casts doubt on the idea thatures obtained by sublimation epitaxy in which boron diffu-
these two levels belong to a single cerfter. sion was carried out prior to formation of the mesostructures.
After CVD technology for growing SiC epitaxial layers The test structures had a negative temperature coefficient for
had been developed, studies were also made of the recomtthe breakdown voltage of-2x10"3K~%. The absolute
nation characteristics of samples of this type!®The car- magnitude of this temperature coefficient also depends on
rier lifetime was estimated from studies of the kinetics ofthe temperature and falls by roughly an order of magnitude
low-temperature photoluminescence to be Qu&5 which is  when the structures were heated to 600 K. In an
substantially greater than in epitaxial SiC layers grown byanalysi€®®2?%of the experimental data following the authors
other technologiess- andR-centers were also found in CVD of Refs. 200—203, the effect of deep centers were taken into
6H-SiC layers, but their concentrations were 1 or 2 orders oficcount. The proposed mot&t?°® takes into account the
magnitude lower than in SE structur&s-%® charge exchange of deep acceptor levels by the pre-
Figure 12 shows a plot df , as a function of the con- breakdown current in a lightly dopgutspacer near the met-
centration ofS- and R-center$'® which we have supple- allurgical boundary of thgg— n junction.
mented with data from a study of CVD samples obtained Two assumptions were made) the avalanche region
during the course of this work, along with data from thelies in a lightly p-doped region near the metallurgical bound-
purest (~10*cm™3) SE layers. The figure shows that a re- ary of thep—n junction and 2 the concentration of deep

5.2. Deep centers and the negative temperature coefficient
%)r the breakdown voltage in SiC  p—n-structures
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acceptor levels in this region is comparable to that of shallow 4.7}
acceptors. A region of this sort may develop pecayse of over- 06k el H@X‘m‘?ﬂﬂm
compensation oh-type material caused by diffusion of ac- / S P+
ceptor impuritiegsuch as boron The existence of a region 05k X/
of this type in the tested epitaxial-diffusion diodes was dem- x -
onstrated experimentalff. There is a well-known expres- W 041 o 2
sion for the breakdown voltage of a shayp-n junction: 0.3k x +f 2 f,

Uy =e,EZ /29N, (5.1) ok /+ +5
whereE,, is the critical electric field strength, and, is the 0.1k : /
impurity concentration in the base. /y/;r

Let us rewrite Eq(5.1) taking into account, the presence 0l o™ ¥ L 1 )
of deep acceptors in a lightly dopgdbase: 250 300 350 400 450 500 550

Temperature
Upr=£,E2/2q(Ng+ KM)=Upo/(1+KM/Ng), (5.2

FIG. 13. Temperature variation in the calculatgd-3) and experimental
whereN; is the concentration of shallow acceptor levéds, (4-5) values ofF. The calculations were done farP=(1) 10, (2) 10,

is the degree of filling of the deep acceptors by electronsd 10'2cm 3. The experimental valuesngr correspond to pre-breakdown

with K=(M—m)/M, whereM is the total concentration of CUents of4) 100 mA and(5) 500 mA:

deep acceptorgn is the concentration of deep acceptors

filled yvith holgs, andJy, is the breakdown strength of the o455 are more than an order of magnitude smaller than the

p—n junction in the absence of deep acceptors. total area of thep—n junction. However, in calculating the
WhenU<Uy,, there is essentially no current through o, rrent density through thp—n junction the area of the

the p—n junction and all the deep acceptors in héype  gnire structure was used: in other words, in the regions

region are filled with electrons{(=1). WhenU~Uy,, ava-  \yhere microplasma breakdown takes place there will be a

lanche multiplication begins in the space charge region angubstantially higher current density and valueAgd, as re-

the resulting holes are captured by deep acceptors. Since tlaﬁired by this model.

acceptors that have captured holes are neutralecreases  Tpgrefore, the negative temperature coefficient for the

and, accord!ngly, the. electric field strength decreases. Thi§reakdown voltage may be caused by charge exchange of

leads to an increase in the observed valuJgf. It should  p_centers £, +0.58 eV), the deepest levels which exist in

be noted that the degree of filling of the levels depends oy, doped SiC. The calculations of the temperature depen-

the temperature and decreases upon heating. For this reasgince of the negative temperature coefficient based on this

U,, decreases with temperature and we observe a ”egat"é%sumption and these parameters for Eheenters are in

temperature coeﬁi;:ienrt] for th_(arbbreakdown \r;sgage. . good agreement with experiment.
'Using Eq.(4.1) for the equilibrium casedm/dt=0) an Since boron diffusion is often used to protect the periph-
noting thata,> a,, for K we obtain ery of SiC mesostructures from surface breakdown, while
K=pB(Ap+pB) L (5.3 bor_on _itself(a D-centej is a ch_aracteristic bac_kground im-
, , purity in SiC produced by various technologié$we be-
NOW_ we obtain an expression fdJy from Eqs.(5.2  jieye that the question of the sign of the temperature coeffi-
and(5.3: cient for breakdown can be answered definitively only when
Upr=Upro(1+MBi INs(Ap+Bi)). (5.4 the effect of the charge exchangelfcenters on studies of

. the breakdown voltage of Si@—n structures is accounted
We now analyze Eq(5.4) for high and low tempera- o or excluded.

tures.

In the case wherg—0, 8;—0 andUp(Tmin)~Upr. IN
the case wherg—=, 8;—1, and sinceN,>Ap, we obtain
U p(Tmad/Upro— 1=M/Ng. If the energies of the levels in the lower half of the band

For the case examined in Refs. 205 and 20§, and  gap of H- and 6H-SiC (Tables Il and Il) are compared, it
M/Ng were given byU,,,=800V andM/N¢=0.65. Taking  will be noticed that most of the levels lie within two rather
these values together with published valuesNgr, we cal- narrow bands inside the band ga; +(0.5-0.6)eV (i-
culated the functiorF ={U,o/Up— 1}. band and E,+0.2-0.3eV (L-band (Fig. 14. Inside the

The calculated and experimental valueg-oére shown first band lies theD-center, thei-center, and a scandium
in Fig. 13. The figure shows that the best agreement betwedavel and inside the second, a deep aluminum level, a gal-
theory and experiment was obtained fop on the order of lium level, and the_-center. The boron level also lies inside
10'-10"2cm 3. However, the value ohp determined from  (4H) or near the edge (6) of the L-band. As the figure
the pre-breakdown current b¥p=J/V,q (whereJ is the  shows, in the upper half of the band gap thkl-4and
current density through the—n junction, andV; is the satu- 6H-SIC levels are distributed fairly uniformly and it is im-
ration rat¢ was 16°-10'cm 3. This discrepancy may be possible to separate any bands which coincide for both poly-
explained®2% py the fact that breakdown in SiC usually types. Since the parameters of centers of the same type
occurs in local regiongmicroplasma breakdowrwhose ar-  formed in the lower half of the band gap of the different SiC

CONCLUSIONS
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RADIATION DEFECTS
IMPURITY NATIVE DEFECTS TATION
N Ti Cr V zl EHT EH2 EHY4 EHS EHE/EHT
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FIG. 14. A diagram of the location of the known deep centers in the band gap of silicon car)déH¢SiC, (B) 6H-SiC. Only those deep centers are
indicated which have not been identified as previously observed structural defects.

polytypes are similar, it may be assumed that such bands are What sort of intrinsic defect might be the main element
present in other polytypes of silicon carbide. This is sup-in the formation of the defect complexes which produce deep
ported by the similarity of the characteristics and the shift,centers in SiC? Figure 15 shows the average concentrations
proportional to the band gap width, in the maxima of theof three intrinsic defectsi-, D-, and L-center$ in epitaxial
main electroluminescence bands in the various polytypes dayers of @1- and 4H-SiC obtained by sublimation
SiC (Fig. 6). epitaxyl%* The figure shows that there is a fairly good cor-
The formation of such bands inside the band gaps ofelation between the drop in concentration of carbon vacan-
different SiC polytypes indicates that centers characteristicies (V¢) and the increase in the percentage of hexagonal
of SiC, as such, are present and coupled to the valence banghlytype and the reduction in the concentration of these cen-
whose structure is similar in the various polytypes. It mayters.
also be assumed that each band is coupled to some “base” That the main complex forming defect in SiC is carbon
center consisting of intrinsic defectm the first case this is vacancies is supported by data from various papers where it
ani-center and in the second, Brcentej which can interact has been proposed th¥t participates in the formation of
with atoms of an introduced impurity to form other centersdifferent centers, while isolated vacancies merge into stable
with similar parameters. clusters??’~2Note that the series of impuritigSc, B, Al
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A study is made of the electrical, optical, and structural properties of Si:Er layers produced by
sublimation molecular-beam epitaxy. The Er and O contents in the layers, grown at

400-600 °C, were as high as<3.0'8 and 4x 10'° cm 3, respectively. The electron concentration
at 300 K was~10% of the total erbium concentration and the electron mobility was as high

as 550 cri/(V -s). Intense photoluminescence at 1.53 was observed from all the structures up
to 100—-140 K. The structure of the optically active centers associated with Er depended on
the conditions under which the layers were grown. 1@99 American Institute of Physics.
[S1063-782629)00202-1

1. INTRODUCTION with a specified complex doping profile, including those with
5-doped layers:® In this paper we use SMBE to produce
Erbium doped silicon has attracted considerable attenefficiently radiating Si:Er layers and investigate their optical
tion because the 1.54m *l,5,—*l,5Af-transition of the  and electrical properties. There is some interest in high reso-
Er** ion lies in the spectral range of the maximum transmis4ution studies of the photoluminescence spectra in order to
sion and minimum dispersion of quartz fibers. In order toidentify the optically active centers in SMBE layers, since
create highly efficient light emitting structures, the erbiumthere are no data on MBE layers and the available spectra of
concentration must exceed#@m~2 (Ref. 1). One promis-  Si:Er layers grown by chemical vapor depositi¢BVD)®
ing method for obtaining Si:Er layers is molecular-beam ep-differ greatly from those for implanted Si.
itaxy (MBE), which can be used to grow highly doped struc-
tures (including multilayer ones with a low density of
structural defects that emit at a wavelength of 1,642~
Sublimation molecular-beam epitax$$MBE) is an in-
teresting, new variant of MBE for this problem. In it molecu- Si:Er structures were grown in vacuum with a residual
lar fluxes of Si and the doping impurity are produced bypressure of~2x 10’ mbar onn- andp-type Si(100 sub-
sublimation of a resistively heated crystalline Si sourcestrates with resistivities of 0.005 and ID-cm. Crystalline
doped with a given impurity, in particular, erbiutn’ Direct  wafers cut from ingots of Si:Er with Er and O contents of up
resistive heating of the source ensures high purity of theo ~5x 107° and~ 10*° cm™3, respectively, were used as Si
molecular fluxes, which makes it possible to obtain siliconand Er sublimation sources. According to infrared photocon-
layers with a minimal number of defects and a long lifetimeductivity and absorption spectra, the major electrically active
for the minority charge carrief® We have shown previ- impurity, which determines the type of conductivity of the
ously that SMBE can be used for reproducibly growing uni-samples, was bororiconcentrationn~10 cm 3). The
formly doped, perfect, single-crystal layers of Si with con-source and substrate were heated resistively. The growth
centrations of electrically active shallow impuriti€B, As, temperature was varied from 400 to 700 °C and the thickness
Sb, B, Al of 2x10%-4x10%° cm™3, as well as structures of the layers, from 0.2 to 3um. The details of the growth

2. EXPERIMENT

1063-7826/99/33(2)/4/$15.00 131 © 1999 American Institute of Physics
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FIG. 1. Distribution of erbium and oxygen atontSIMS data over the
thicknessd of an Si layer grown on an Sil00) substrate at 600 °C. The
thickness is reckoned from the free surface of the layer.
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technique are discussed elsewh&Tde structures were sub- 6300
sequently annealed in vacuum or in a stream of hydrogen.

The distribution of impurity atoms over the thickness of gi. 2. photoluminescend®L) spectra of Si:Er layers produced by SMBE:
the layers was measured by secondary ion mass spectrometty uniformly doped layer grown at 400 °C and vacuum annealed at 900 °C
(SIMS) and Rutherford Backscatter spectroscdﬁﬁS). The for 30_min; (2) uniformly doped 'Iayer grown aF 500 °C without annealing;
crystallne perfection of the layers was investigated byS3s!" e bt afer smneaing o 30 i i  hctogen amosphere ot
RBS™ and a metallographic method. The concentration ofenters associated with erbium.
the charge carriers and their distribution over the thickness of
the layers were determined by the Hall and capacitance-
voltage methods. The energy levels in the band gap werlayers with a similar oxygen conteht.In the selectively
studied for temperatures of 50—-350 K by deep level relaxdoped Si:Er layers, the distributions of the electrically active
ation spectroscopfDLTS). Photoluminescence spectra were centers (capacitance-voltage measurement patarrelated
studied on a Bomem DA3.3@nSb detector Fourier spec- with the same for the total number of Er ato®MS datg;
trometer with a spectral resolution of up to 0.5 ¢mA Kr™* this confirms the coupling of the donor centers which de-
laser was used as an excitation soufwavelength\=647  velop in the layer to erbium atoms.
nm). Figure 1 shows SIMS profiles of Er and O atoms in a
uniformly doped(at 600 °Q Si layer. The sharpness of the
film-substrate concentration transiti¢the Er concentration
varies by two orders of magnitude over a thickness-@&5

All of the Si:Er layers that were grown hadtype con- nm) is evidence of the absence of segregation of the Er on
ductivity, regardless of the substrate parameters and type tifie growth surface; this is consistent with the data of Refs. 2
heat treatmenfwith and without annealing at 9005CThe  and 3 for Si obtained by MBE. On the other hand, segrega-
Hall electron concentration at 300 K in uniformly doped lay- tion of Er did occur for a substrate temperature of 700 °C.
ers at 400—600°C was 2410 cm™2 (after annealing at Note that oxygen could enter the epitaxial layer either from
900°Q and the mobility was 340-550 &V -s). The er- the gaseous medium within the vacuum chamber or from the
bium and oxygen contents of the layers werd0'® and  Si:Er source.
~10" cm 3, respectively, according to SIMS data. Thus, This layer was also studied by RBS. The minima in the
the electron concentration in the layers wad0% of the yield of scattered 400-ke¥He" ions for channelling in the
total erbium concentration. This value of the degree of elecdirections of thg 100 axis and{110 and{100 planes were
trical activation is comparable to data for Er implanted Si5, 27, and 35%, respectively, which is evidence of the crys-

3. RESULTS AND DISCUSSION
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talline perfection of the layer. This is also confirmed by dataexperimental data for the well-studied ion-implanted Si lay-
from the metallographic studies; no packing defects or disers and cannot be attributed to any of the optical centers
locations were observed in Si:Er layers with thicknesses oéssociated with Er that have been identified in Ref. 12. On
~3 um. the other hand, this spectrum is extremely close to the ex-
Figure 2 shows photoluminescence spectraa¥.2 K  perimental photoluminescence spectrum given in Ref. 9 for
for two structures with uniform doping during SMBE of the an Si:Er layer obtained by gaseous phase epitaxy. The only
Si:Er layers at 40Q1) and 500 °Q2, 3). All of the structures  open question involves the nature of the broad peak at 6513
manifest intense photoluminescence near uB#due tothe cm ! observed in Ref. 9. In our spectra there is no intense
Er and an exciton luminescence sigfrabt shown in Fig. 2 line at this frequency. By using a Fourier spectrometer and
The photoluminescence spectrum of the sample obtained attagh-quality Si:Er layers, we have been able to attain a spec-
temperature of 400 °C has a complicated structure, even aftéral resolution of<1 cm ! and observe the doublet at 6337
annealing. The spectrum consists of intense lines with wavand 6342 cm? that was predicted, but not observed experi-
numbers of 6502.9 and 6429.2 ci(Fig. 2, spectruni) and  mentally, in Ref. 9 for the Ef ion in states withD,4 and
a multitude of extremely narrow lines within the interval C5, point symmetry. On comparing spectrum 3 in Fig. 2
6506.8—-6551.4 cmt. This is evidence of the presence of with a calculatiorl of the position and relative intensities of
several optically active Er centers with low symmetry. Thethe photoluminescence lines, we see that the D series is clos-
lines in the high energy region of the spectrum may be asest to the transitions corresponding to a center vithy
sociated with complicated complexes of Er with oxydén. point symmetry. At the same time, the observed photolumi-
The photoluminescence spectrum of an unannealedescence spectra and RBS data on the scattering angular de-
sample(Fig. 2, spectrun®) grown at 500 °C contains a mul- pendence do not uniquely determine the positisnbstitu-
titude of intense narrow lines in the interval 1.525-16M  tion or interstitia) of the Er atoms in the crystal.
(6557—-6369 cm?). The available data for implanted layers The Si:Er layers deposited at a higher temperature,
make it possible to isolate only one series of lines referrings00 °C, and annealed at 900 °C in vacuum, yielded a photo-
to a center denoted in Ref. 12 by Er—0O1: 6508, 6474, anduminescence spectrum similar to that shown in spectBum
6441 cm . Annealing the sample in a hydrogen atmospherén Fig. 2. The spectra of multilayer structures consisting of
at 900 °C for 30 min leads to the formation of a new domi-thin, highly doped layers of Si:Er grown at a lower tempera-
nant Er center represented by a series of narrow lines dtire (400—-500 °Q and thick(of much greater thicknessin-
6502, 6443, 6393, 6342, 6337, and 6268 ¢rthe D series, doped layers deposited at 700 °C were the same as spectrum
indicated by arrows in spectrum) &nd a reduction in the 3 in Fig. 2 (independently of the annealing
relative intensity of the Er—O1 seri@gdicated by asterisks The temperature dependences of the photoluminescence
Note that this spectrum contains none of the so-called dislointensity for Si:Er layers uniformly doped at temperatures of
cation luminescence, which shows up as a background signdD0 and 600 °C reveal temperature quenching of the photo-
in the neighborhood of 1.54m and is characteristic of lay- luminescence at temperatures of 90 and 140 K, respectively.
ers with a large amount of structural defects. For a sample grown at 600 °C, the temperature quenching
In terms of the number of lines, their position, and theirprocess is well described by two segments with activation
relative intensities, the D series, which reflects the splittingenergies of~13 and 60 meV. The first valugemperatures
structure of the*l,5, multiplet, has no analog among the of 30—80 K) is close to the corresponding magnitudes for
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Evidence for &,-conductivity in the magnetoresistance of multivalley semiconductors
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Experimental studies of the liquid-helium temperature resistivities of Ge : Sb compounds with
degrees of compensatidf<<0.1, i.e., in thee, conductivity range, reveal that the

resistivity is determined by hopping of carriers activated to the upper Hulibarland. The
experimentally observed positive magnetoresistance, which is exponential in the magnetic
field, arises from field-induced changes in the occupancy of the spin subbands by electrons.
Evidence for thes,-conductivity mechanism is discussed on the basis of certain features

of the magnetoresistance associated gifactor anisotropy of different valleys, which is therefore
specific to multivalley semiconductors. @99 American Institute of Physics.
[S1063-782629)00302-9

1. INTRODUCTION positive magnetoresistance of spin origin: becauselihe
centers are singlets, readjustment of spins in a magnetic field
It is well known'? that in weakly compensated semicon- contributes to the density of states in the neighborhood of the
ductors(for which the degree of compensati<0.2) there  Fermi level, and hence increases the hopping range. In Ref. 7
is a bounded interval of concentrations near the Mott transiit was shown that only this mechanism can explain certain
tion for which the conductivity mechanism within the impu- distinctive features of the low-temperature magnetoresis-
rity band (called e,-conductivity) is different from ordinary tance observed in CdTe in the range of comparatively weak
band and hopping conductivity. This mechanism is believedields. This was the first demonstration tHat states can
to be associated with the motion of electrons activated intdhave a role in variable-rangehopping conductivity in doped
the upper Hubbard banghe D~ band, whose state energy semiconductors.

is Eq+ U, whereU = e?/ ka is the Hubbard energ, is the Based on these results, two of (&grinskaya and Ko-
ionization energy of an isolated donag, is the dielectric  zub; see Ref. Banalyzed the behavior of the magnetoresis-
constant, ané is the Bohr radius. tance in thes3- ande,-conductivity ranges. In particular, we

At low impurity concentrations, th®~ band is sepa- showed that the spin correlations in the upper Hubbard band
rated from the usual impurity band by an energy gap ofcan cause the activation energy to depend strongly on
0.9E,>U. Note that this value usually exceeds the activatiormagnetic field, namely as
energy 5 for conduction-band hopping conductivity by a 0
considerable amount, so that in this limit tkkg channel e2= et guH @)
dominates. Hoyvever, with increas_ing imp_urity concentratianor guH>2T and as
Ny (accompanied by a decrease in the distance between im-
puritiesR=0.6N; ') the D~ band broadens, due to the in-  ,=&3+ (guH)%/4T )
creasing overlap integral between impurities(R)xexp
(—bR/a), whereb is a numerical coefficieftand the increase
in disorder(whereV=e? kR is the impurity potentigl For e
this reason, starting with a certain impurity concentration SPlitting factor for shallow bound states. _
the activation energy at low degrees of compensation is '€ magnetoresistance in thg-conductivity regime
observed to decrease. This can be viewed as evidence tHzAUsed by spin correlations in tfiz~ band was first dis-
the &,-conductivity channel has begun to contribditel- cussed by Yamanouchi in Ref. 9. However, his analysis es-

though another way to explain this effect is to invoke corre-Sentially redU(_:ed_ to numer_ical calcul_ations for_ the regions_ of
lated hopping in the lower Hubbard bahd. weak magnetic _fleld, Ieadlr_lg to an interpolation expression
In this connection, the work of Andreeat al’ is espe-  that has been cited many times since:
cially noteworthy. Andreewet al. investigated the thermo-
electric power in the hopping conductivity range, and found
an important contribution to the thermoelectric power fromUsing Eq.(2), we conclude thay=g?u?/T, i.e., y depends
go-conductivity for samples with intermediate degrees ofon temperature. Because it is well known that the quantity
compensatiork =0.35. lies in the range ¥10 PeV/IG® to 4x10 BeV/G? for
Note that the presence dd~ states can also affect Ge:Sb in the temperature intervb=1.7 to 4.2 K(see, e.g.,
variable-rangehopping conductivity as well. Specifically, Ref. 2, we can estimate whether the experimental values of
Kurobe and Kanimufashowed that these states give rise to ay correspond to reasonable valuegjoOur estimate gives a

for guH<<2T. In both these cases, the universal consgant
appears—the Bohr magnetom multiplied by the spin-

82=sg+ 'sz.
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value ofg=0.6 to 2, in good agreement with values of the one of the ellipsoidgi.e., with the corresponding center at
g-factor inn-Ge(see Sec. 3 Now, a number of experimental which the hopping occuys The connectivity condition can
papers have reported a decrease in the valug wfith in- be written in the form
creasing impurity concentratidriVe can explain this fact by
noting that increasing the impurity concentration shifts the N> v, =B

. . .. . §C,V c-
temperature range in whick,-conductivity is observed to- v

ward higher temperatures, while at low temperature§y yne nresence of finite activation terfes other corrections
variable-range hopping conductivity begins to dominate. Exy, &) ' the percolation is determined by the total exponent. If

perimental data are available for a large number of material§Ve include these correctionsé, , (which in our case de-
. . i .. c,v
on how the activation energy for hopping conductivity de- end on the number of valleys by virtue of the anisotropy of

pends on magnetic field in the strong-field range. When thi he g-factor for each of the valleysthe expression for the

data is an.alyzed, it IS found that the activation energy INjayy percolation threshold can be written in the form
creases with magnetic field, and actually follows the univer-

sal dependencés,=guH, where the value of is obtained bt TAE = EL,

from independent measurements. . . I
. : . where &, , is the pure tunneling contribution to the expo-
We regard this result as evidence in favor of our model b o . Y
nent, which corresponds to the “critical resistor.” Here we

in Ref. 8. Note, however, that much of the existing experi-. . .

N 8 ote, NOWever, That much of the existing exp include the fact that the percolation threshold is the same for
mental information about the dependenca:gion magnetic the entire critical grid, whereas the critical resistor can be
field comes from the weak-field region. It is clear from Egs. gnd,

(1) and(2) given here that the field-dependent contribution toisesr?a?gfdth\l:t?o:?:s Coor?(g?r?mcl:?;dfirt?o? iasngxo:etshsee(;/?nne?j;r
£, IS not exponentially large in this limit, which makes the ' P 9 P y

. ! . . . equations.
analysis easier. Therefore, comparison of theoretical predic: . S .
y P P Note that the quantity, , will differ, in general, from

tions with experiment in the weak-magnetic field range re- . .

: . . : - the value¢. when these corrections are absent, and will de-
quires more care and, in particular, more detailed experimen- o i
tal data pend on the valley number. This is because it turns out to be

Our goal was to investigate hopping transport in theadvantageous to decrease the voluxhefor valleys with

presence of weak and strong magnetic fields in samples Iff\rge values o\ , compared to those whel, , is smaller.

n-type Ge : Sb with degrees of compensatios0.1 and in- ?—|owever, .'f we assume thad <&, (which holds for_
termediate impurity concentrations correspondingNiga® nearest-neighbor hoppihgre can expect that the change in

—103-10"2, i.e., close to the Mott transition. We assumethe tunneling contribution due to the presence of activation

that the dominant type of conductivity in these samples isCOI'I’ECtIOﬂS is not large, and carry out an expansion in terms

g,-conductivity in the temperature range 1.7 to 10 K. of this change:

AV
v+ ?V Agct, v

Cc
whereAé., ,= & ,— .. Since the derivatives obviously are

In solving percolation problems for materials with com- the same for all the valleys, the connectivity condition is
posite (multivalley) electronic spectra a question that natu-eritten in the form

rally arises is how to average over the spectfum, over the

valleys. Here we will be guided by considerations analogous NIEVA Ve, E AE | =B
to those presented in Ref. 10. When the activated term can be o 9E. S ot ¢
disregarded,calculating the percolation threshdgld (and
hence the value of the “effective resistor” that determines
the value of the conductivijyreduces to solving the equation

Ve N=Bc,

2. MAGNETORESISTANCE OF MULTIVALLEY Vfct,v:\/fc'
SEMICONDUCTORS

from which it obviously follows that
> Aé=0. ©)

WhereV§c is the spatial volume of the neighborhood near theUsing the notatiom\ .= ¢.—&., we can write for each of
hopping center in which the tunneling exponent does nothe valleys

exceeds., N is the concentration of hopping centers, &hd Aéy +AE, =AE

. . . ct,v c,v (o

is a certain number determined by the average number of

random centers associated with this site. Summing over all the valleys and using Eg), we obtain
For multivalley Ge, the volume&/ is bounded by four 1

intersecting ellipsoids of revolution with semi-axis ratios Agc:ZE Ag. . (4)

(m; /m)¥?=K*2. For simplicity we assume that this ratio is

large enough that the region of overlap of these disklike €l other words, the activation energy for the effective resistor
lipsoids can be ignored, and hence the volwheis @ sum 5 determined by averaging the corresponding activation en-
of independent contributions of the corresponding equalergies over all the valleys. It is clear that this averaging sig-
volume ellipsoids/,_,, wherev is the valley label. Accord- njficantly decreases the anisotropy of the effectivtactor
ingly, each random “resistor” can be associated with only(which we noted in Ref. 8
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Also noteworthy, however, is the fact that in the calcu-whereg,, is the Land factor for the valley with label, and
lations described above we have ignored the overlap regioa” is the value of the conductivity corresponding to the
of the various ellipsoids. In this case it is obvious that forcritical resistor controlled by this valley.
hopping pairs located in this region we must add the prob- It thus follows that the temperature-dependent contribu-
abilities for hopping by way of any of the intersecting val- tion to the magnetoresistance depends on the H#tib and
leys, and hence, if there is a large spread in the activatiothe value of theg-factor in the valley, which in turn depends
energies of the valleys, the contribution of the valley with theon the direction of the magnetic field relative to the axes of
smallest activation energy will be decisive. On the otherthe isoenergetic surface of the valley. In a weak magnetic
hand, at the highest magnetic fields the contribution of onlyfield, i.e., forg,uH<T [see Eq.(2)], we obtain:
one valley can turn out to be decisive even when the anisot-

o - , - p(H) [gouH
py of the volumevgC is taken into account—by analogy Int 0) =\ 21 )"

with the “squeezing out” of electrons from individual
valleys whenn-type Ge is uniaxially straine(see Refs. 10 where
and 11. 4

On the basis of the one-valley mod@ee Ref. 8 we ggzl 2 92. )
obtain the following expression for the,-conductivity, 4 Y
which is controlled by the occupation numbyeof electronic
states in the upper Hubbard band:

In a strong magnetic field, i.e., fa,uH>T, we have

p(H) 1 g,uH| uH
Ty H)*Nn(H) e’ p(0) 4 2, Inre ‘{ T } T Gnw:
{ e,+2TIn[2 cosh(guH/2T)] -1 where
=jexp +1; .
T
1
(5) Oni=7 2)1 g, ®
In this case, when ex/T>1 we have A glance at Egs(7) and(8) shows that experimental data for
a multivalley semiconductor is more convenient to analyze
nH) h‘Z(M) when these expressions are rewritten in the form appropriate
n(H=0) 2T for a material with a spherical isoenergetic surface, i.e., as
follows:
In the regions under investigatiop,,<p, and hence HT )2
pxx(H)=1loy(H). Let us now extract the temperature- p( ) (geXP"‘ )
dependent contribution in the logarithm of the resistivity P(OT) 472

(conductivity and denote it by kp(In{(o)). Taking into ac-

; : : g : in a weak magnetic field and
count the discussion given above and, in particular, (Bg. g

we obtain the following expression for a multivalley semi- p(HT)  QexpuH
conductor: n p(OT) T
p(H) 1 in a strong magnetic field, so that in a weak figlg,=0,
Ny —— 00 2 Ing o” (0)— - E Iny o (H) and in a strong fielde,; =0
1 o(0) 3. EXPERIMENTAL RESULTS
= — |n -
445 0T " (H) We made a detailed study of the Hall effect, conductivity
and magnetoresistance of three samples of Ge: Sb with de-

=—E In

cosi‘?( VMH” ) 9rees of compensatioi=<0.1 in the temperature range 1.7
’ to 300 K. The sample parameters are listed in Table I. The

TABLE |. Parameter of Ge:Sb samples.

g H<1T g H>2T

Sample Orientatiod, H Ny, 10%cm3 £, MeV g5, meV Experiment Experiment
1 J|(112), H|(110) 6.6 0.55 1.2 2.2 1.6
2 JJ(11D), H|(110) 7.9 0.13 0.3 1.3 1.6
3 110y, H|(112) 8.8 0.12 0.31 0.9 0.8

Note: N;—Donor concentrationg ,—activation energy for hopping conductivity from the dependence of In
on 11T, e,—the same from the dependence ofplffj on 1/T, g—spin—splitting factor found form the weak
(H<1 T) and strongH>2 T) magnetic fields.
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FIG. 1. Temperature dependence of the resistivity of a samphetygie Ge with donor concentratidyy=6.6x 10 cm™3. The inset shows the temperature
dependences of the Hall coefficieRt, (2) and mobility o (1) for this sample.

concentration of donors was estimated from values of theluctivity. In our samples we observe values of the Hall mo-
Hall coefficient atH=0.3 T and room temperature, taking bility of order 50 cn?/(V-s) in thee,-conductivity range.

into account the Hall factor as determined by the methods of  Figure 2 shows the dependence of the magnetoresistivity
Ref. 12. Figure 1 shows the temperature dependences of tlem magnetic field in the range 0 to 2.9 T for a sample in the
conductivity o(T), the Hall coefficientRy(T), and the Hall temperature range correspondingsteconductivity, plotted
mobility u(T) for sample 1. We see that the functip(iT) on a scale linear with respect to magnetic field. The quadratic
exhibits two exponential slopes, which correspond to activasegment, which is shown by the solid curves, gives a good
tion to the conduction band; and activation in theD™ description of the experiment in the weak-field region. It is
band, i.e.,e,; the values ofe, are listed in Table I. The clear that for fieldsH>1.5 to 2 T weobserve deviations
sizeable maximum in the temperature dependence of the Hdllom the quadratic dependence towards linear, which are
coefficient is explained by the two-band nature of the conimost evident at low temperatures. Thus, for these samples

FIG. 2. Dependence of the resistivity on
magnetic field for a sample oh-Ge
(Ng=6.6x 10 cm™3) for the following
temperatures T, K: 1—2, 2—2.5,
3—4.2.

In[p(H)/p(0)]
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FIG. 3. Plots of the resistivity of a sample ofGe
(Ng=6.6x10%cm™3): a—versus T2, b—versus
(H/T)? for the following magnetic fieldsH, T:
1—0.5,2—0.8,3—1,4—1.2.
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there is a transition.fro'm quadratic to linear magnetoregis— In[p(H,T)/p(O,T)]=In[Bo(H)/T)O(O)]—F(H)/T. (12)
tance in the magnetic field range 0 to 3 T. In order to verify

the correctness of Eq§l) and(2), it is necessary to isolate Here the quantit;?;o no longer includes the temperature de-
the contribution to the magnetoresistance of the portion thabendent pre-exponential factor. Thus, this procedure allows
depends exponentially on temperature. In order to accomus to separate out the teff{H)/T from the corrections that

plish this objective we used the following approach. are temperature independent but dependent on magnetic
Let us write the temperature dependence of the magnédield.

toresistance as follows: However, there is still a problem: the functiéhhas a
p(H,T)=po(H, T)exd F(H)/T+&,/T], 9) different form for various ranges of magnetic fiettt for

small values of H, when guH<2T, we have
where F(H) is the correction to the activation energy F=(guH)%4T, while for largeH we have F=guH/T.
which is associated with spin correlations. Taking the loga-Therefore, we used the following procedure: for the two val-

rithm of this equation, we obtain uesH=H, , in the range of sufficiently high fields we plot-
_ ted the functions Ip(H,T)/p(0,T)] versus 1T, so that the
Inp(H,T)=Inpo(H,T)+F(H)/T+e&,/T, 10 ) _ i
pl ) pol )TF(H) c2 (10 corresponding slope gives the valueFfH). This allowed
InN[p(H,T)/p(0,T)]=In[p(H,T)/p(0,T)] us to eliminate the temperature-independent contribution to
C[F(H)—F(0)]IT. (11) the exponent. We then calculated the derivative

We assume that the functiopg(H,T) factor out, and that d_F: F(H)—F(Hy) =gu. (13)
F(0)=0. We thus have dH Hi—H;
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This procedure allows us to identify the asymptotic behavior. DISCUSSION OF EXPERIMENTAL RESULTS
at large values ofl more precisely than we could have done
if we first had determined the slope of the linear function ) ;
In[p(H,T)/p(0.T)] versus magnetic field. In the region of banq can take place by tyvo mechamsmg either throggh de-
weak magnetic fields, substituting f= (g H)2/4T, we ob- localized state.sfor excitation to the mobility edg&,; Fig.

tain the quadratic dependence of the magnetoresistance oy OF Y hopping transport along states at the bottom of the

inverse temperature and magnetic field, and the coefficient iffuPPard band,. Which of these two methods occurs de-
front of H2/T2 has the valug?/4. pends on temperature and on the density of states in the

Figures 3 and 4 show the temperature dependences gppurity band. Q_ne sign of band conduction is a large valge
the magnetoresistance for sample 1 in the range of weak arﬁi the Hall mobility and a large value of the thermoelectric

strong magnetic fields. The values gfobtained from the POWer. The values of the Hall mobility observed in our
corresponding slopes are listed in Table I. samples—50 to 100 cff(V-s)—did not allow us to con-

In order to compare these results with theoretical calcu-CIUde anything about the conductivity mechanism, since they
lations we estimated the values of the effectigdactor in could also correspond to a different mechanism. Moreover, a
n-type Ge, starting from the following values of the compo-2rg€ value of the pre-exponential factavhich equals the

nents of theg-tensor(in terms of the axes of the ellipsgid ~ Value (2)f the  minimum  metallic  conductivity o
9/=0.63,9, =2 (Ref. 11 or g;=0.9,g, =1.9(Ref. 13. The =0.02&“/ha, wherea is the radius of a state in thb

value ofg, is defined as band) is characteristic of band conductivity. On the other
g hand, if the conductivity is attained by hopping, then if
9,= g7 sirP6+gf coso, (149  o,<0y, the pre-exponential factor can have the f&rm

As was shown in Ref. 1, conductivity within thB~

where co®¥=(H-v)/Hv; herew is a vector directed along
the valley axis chosen. For the directietf(100), which is
symmetric with respect to the valley axes, the value of the

g-factorfor all the valleys is the same. For other directions of v

H listed in Table I, the valleys separate into two groups with Conduction

their own values of the Land factgy; andg,, which differ band

by factors of 1.5 to 2. £y Ep

TABLE II. Computed values of thg-factor in valleys of then- Ge conduc-
tion band for various orientations of the vectér

Number of valleys
9,=0.63,9, =2 g,=0.9,0,=1.9 with g-factor \/
H 9 92 g1 92 9 92 E
(13)) 1.26 2 1.32 1.9 2 2 FIG. 5. Electronic density of stat@$(E) in the neighborhood of the Hub-
(111 0.63 1.9 0.9 1.82 1 3 bard bands. Notation: E—electron energy, Er-—Fermi energy,
(00D 1.67 1.64 . 4 Ep—percolation level in the upper Hubbard batt;—Hubbard energy, and

&,, e3—activation energies.
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27 It is also clear that for our Ge:Sb sampl€able I,
g M Ng=9x10%cm 3) the experimental values are strongly un-
a 1F ; derestimated. In our view, this is explained by the sizeable
8 . contribution ofe 3-conductivity in this sample, due to its con-
= o} 2 siderably smaller donor concentration. Let us clarify this as-
%‘ - sertion in more detail. As we showed previously in Ref. 8,
s _F a” when the contributions of the,- and e 3-conductivity chan-
Ci I . nels are comparable and the magnetic field is capable of
3_2 - drivin_g the system into a5 regime by vyeal_<ening the con-
g | . tribution of thee,-channel(when the activation energy does

Y S T T S P S not depend on field the expression for the conductivity can

0 100 200 300 400 500 600 be cast in the form
1000/7, K~
ez Cy guH e3—e;
FIG. 6. Temperature dependences for a sample-Ge (N,=8.8x 10 oxexg — T"" C_zex T + T

cm3): 1—resistivity p, 2—the quantityp/T.
(where the second term in the exponent is assumed to be less
than 1. Thus, in accordance with this expression, we can

oy '=C, Texd 1.73(NY3a)], (15 ~ Write
whereC, is a numerical coefficient. Our experiment shows F—T&e _guH L BT ®
that the value of the pre-exponential factor lies in the range 4 G, T T )

to 0.8 (2-cm)~ 1, which is considerably smaller tham,
=30 (Q-cm)™ 1, and in our case it is observed to increase , .
with increasing impurity concentration. Based on these datd found from experiment is
we can argue that thg transport of e_Iectron§ appears to be L, OF C, guH e3—e,
associated with “hopping within the tail of tH2™ band.” In Jexp— M m=gc—ex T T/
this case, in order to precisely calculate the activation energy 2
it is necessary to take into account the temperature depeso that the calculated valug,, in the strong-field(satura-
dence of the pre-exponential factar. Curves of the tem- tion) limit turns out to be exponentially small. This expres-
perature dependence of the resistance plotted on a scaen, in general, cannot be used in the range of intermediate
In[p(T)T 1] versusT ! give considerably higher activation values ofH; however, it clearly demonstrates a tendency to
energiese, (see Fig. 6 and Tablg.lIn principle, these val- underestimate the values gfound by our method when the
ues are in much better agreement with the calculated valueontribution of thees-channel is important, which does in
of ¢, for a given impurity concentratioh. fact happen for a Ge : Sb sample with concentratip=9

The first report of spin subband occupation in a strongx 10°cm™3, according to Ref. 11.
magnetic field influencing the magnetoresistance was the de- We now turn to a discussion of the role of anisotropy. It
tailed study by Chroboczedt all! of the magnetoresistance is not difficult to see that the valueg, in (7) andgy in (8)
of Ge: P and Ge:Sbh. These authors explained their data hyat follow from the values ofj; andg, lie in the range 1.6
invoking hopping accompanied by spin flipe., disregard- to 1.7 for all the directions oH and initial values of the
ing theD~ band. We analyzed their data with the help of components of thg-tensor that we investigated; in this case
the model of Ref. 8 for a strong magnetic fieltl). The  go>gn4. Thus, within the framework of our simple theoret-
values of theg-factor obtained in this way are listed in Table ical model, we should not observe appreciable anisotropy of
[l for various directions of the magnetic field. the magnetoresistance. However, experimentally this anisot-

It is clear that for strong magnetic fields satisfactoryropy is indeed substantidbee Table)l and correlates with
agreement is observed between the experimental values wélues ofg, belonging to valleys with the lowest spin split-
the g-factor, both for our sampleglable ) and the Ge: P ting for a given direction oH.
samples of Ref. 1{Table Ill), with an average value for the This discrepancy can be explained by the simplifications
g-factor of = 1.6. used in designing the model. In particular, we assumed that

Following the procedure used in the calculation, the value of

TABLE Ill. Parameters of Ge:P and Ge:Sb sampe=e Ref. 1L

Sample Orientation Nago k, 10t8cm™3 &5, MeV gH=10t0 14 T
Ge:P J[(110), H|(110) 2 1.88 11
Ge:P J||{110), H[<001) 2 1,88 1.8
Ge:Sb J|(120), H||{110) 0.9 1.25 0.4
Ge:Sb J|(110), H|<001) 0.9 1.25 1.4

Note nsqo k=Ng—donor concentrationg ,—activation energy for hopping conductivity; the values of the
g-factor in the rangéd=10 to 14 T were obtained from magnetoresistance experiments.
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the magnetic field-dependent activation term was in everyp. CONCLUSIONS

case small enough compared to the tunneling contribuion Our experiments and their analysis demonstrate that in
to make it possible to linearize the effective volume aVa'lab|9rnoderately doped germanium in the temperature range from
for hopping with respect to these activation terms. At the1 7 to 10 K the dominant conductivity mechanism is hopping
same time, as we noted above, in strong magnetic fields they carriers activated to thB ~ band. The primary indicator
increased activation energy in valleys with large values obf this conductivity is an exponential positive magnetoresis-
the g-factor can make hops by way of these valleys advantance caused by the increase in the corresponding activation
tageous, despite the additional phase volume connected witmergy associated with the need for one of the electrons that
them. In other words, the contributions from the correspondmakes up &~ center to have its spin directed opposite to
ing valleys are "squeezed out.” In this connection, we note,the field. We have discussed distinctive features, which were
in particular, the considerable anisotropy of tpéactor im-  connected with anisotropy of thgefactor for the individual
plied by the results of Ref. 11, which we explained in Ref. gvalleys, of the way this mechanism manifests itself in multi-
by invoking this same tendency for the contribution from thevalley materials. This work was carried out with the support
valley with the lowesg-factor to dominate. In fact, the mag- of the Russian Fund for Fundamental Research from Projects
netic fields used in the experiments of Ref. 11, which wered7-02-18280a and 98-02-18396, and also the INTAS-RFFR
on the order of 10 T, generated an activation contribution ofund, Project 95-0553.

roughly 2 meV, which can in no way be considered infini- , , _ _ _
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This paper describes studies of hot electroluminescence from silicon transistor structures in the
photon energy range 0.25 to 0.8 eV. The transistor structurgs-n andp—n—p used

to obtain the emission spectra generated at accelerating voltages low enough that only one kind
of carrier was involved in the excitation. Participation of hot carriers both in direct

intersubband and indirect intraband radiative transitions is discussed. 999 American

Institute of Physicg.S1063-782809)00402-0

1. INTRODUCTION observed electroluminescence. Their use leads to generation
of high-power emission in the required spectral range, but
A rather large number of papers have been written aboulvith a characteristic dependence of the emission spectra on
hot electroluminescence in silicon diodes, starting in thethe concentration and doping profile of the structure, along
1950s+2 when it was shown that this phenomenon is due towith a pronounced threshold dependence for the emission
high-energy charge carriers excited by the strong electripower versus curreft;*?
field in the barrier structure. In addition to a recombination
band with a maximum in the range of photon enerdies
close to the width of the band gap of the semiconductor
Ey=1.1 eV (which can be viewed as a consequence of col» saMPLES AND EXPERIMENTAL METHOD
lisional ionization of atoms the electroluminescence spec-
trum also exhibits wideband emission in the range 1to 3 eV.  Our measurements were made on microwave—n
There are different opinions regarding the mechanism foandp—n—p transistors with the same topology and construc-
this component of the electroluminescence: many authors exion (an opening was cut in the ceramic package in order to
plain it by starting from the model proposed in Ref. 3, ac-extract radiation In microwave transistors, the base is made
cording to which optical emission is generated by the brakas thin as possibléin this case, about km); therefore,
ing of hot carriers at a charged center, while others base thebecause of the voltage drop across the base, current flows
explanation on a model of direct radiative transitions of carprimarily along the periphery of the emitté¢the so-called
riers between different subbands of the conduction or vaemitter leakage current effgathich is not shadowed by the
lence bandintersubband transition$ or on a model of in- metal electrodé® Since the base is rather strongly doped
direct transitions within the same subband with the(~10cm 3), and since the emitter is even more strongly
participation of phonon®.This ambiguity has never been doped (18°—10?°cm™2 or higher for an emitter layer thick-
completely resolved, even in a series of studies that appearerss of 1.5 to 2um), the electric field intensity in thp—n
at the end of the 198(s1° The principal difficulty is that junction of the reverse-biased emitter turns out to be higher
both direct intersubband and indirect intraband transitionghan 16 V/cm. Thus, by switching on the microwave tran-
(including bremsstrahlundead to emission spectra with the sistor backwardsi.e., with the collector junction in forward
same shape, namely, a monotonic decrease with increasifigas and the emitter junction in reverse Diage create fa-
hv. Another complication is the fact that hot electrolumines-vorable conditions both for excitation of hot carriers and
cence is observed at high excitation voltages, where avamission of radiation from the device. Once these carriers are
lanche processes develop and carriers of both signs partidinjected from the collector through the base into the emitter
pate in generating the radiation. Finally, the emission spectrpnction, they are accelerated by the high electric field there
presented in the literature lie in the range>Egy, where  and generate light. In this arrangement we can obtain size-
they are distorted by self-absorption. able hot-carrier fluxegelectrons or holes im—p-n- or
In this paper we report the results of an experimentap—n—p-structures, respectivelydue to an increased injec-
study of hot electroluminescence by silicprn junctions in  tion current that nevertheless does not cause electrical break-
the rangehv<<E,. The bipolar transistor structures were down of thep—n junction. The radiation generated includes
used to obtain emission spectra in the ranghwfrom <0.8  visible light, which is perceived by the eye as a band encir-
eV down to 0.25 to 0.3 eV1.5 to 5um), since they give rise cling the emitter region. The spectrum contains a relatively
to accelerating biases so low that only one kind of carrier—narrow band with a maximum near 1.1 eV, caused by inter-
electrons or holes—can take part in generating the radiatiorhand recombination of hot carriers in the bas& In the
The parameters of these structures, which are listed belowangeh»=<0.8 eV of interest to us, the contribution from this
were chosen so that no quantum-well effects appear in thkand is negligible compared to a wideband structureless

1063-7826/99/33(2)/4/$15.00 143 © 1999 American Institute of Physics
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100 T T ¥ T T T It is clear from Fig. 1 that the emission spectra of
n—p-—n- andp—n-p structures are similar in shape, consist-
ing of functions that are monotonically decreasing with in-
creasinghv (the increase that is just beginning to show for
hv>0.8 eV is caused by the recombination in the base we
mentioned above, and the somewhat lower position of the
point hv=~0.28 eV is due to the fact that the transmission
band of the filter used overlaps somewhat with an absorption

10

N, arb. units
-

a.1 : . :
line of CO, in the atmosphepe Figure 1 also shows the
emission spectrum of silicon calculated in Refti®e dashed
0.01 1 ' 1 1 L 1 . . . . .. .
02 oG 0.5 0.8 curve for direct intersubband transitions with strict inclusion
kv, el of the energy structure of the bands under the assumption of

a Boltzmann energy distribution expE/KT.) with a carrier
: . ) _ temperaturel ;.=1500 K. The detailed calculations of Ref.
n-p—n andp-n-p transistorsithe filled and emply circles, respectively 4y ved that if we assume indirect intraband transitions
for an accelerating voltagef @ V and injected current of 100 mA. The
dashed and dotted curves are spectral distributions for the radiative electrdfia scattering by phonons or isolated impurities it is impos-
intersubband transition rate, calculated in Refs. 9 and 10, respectively.  sible to explain the falloff in the emission in the range
hv<0.8 to 1 eV shown on the experimental curves from
Refs. 4 and 8. This falloff is obtained if we postulate a de-
emission which for strong carrier heatifigrge accelerating cisive role for direct intersubband transitions, and also re-
voltages across the emittgrn junction) can extend up to  place the Boltzmann carrier energy distribution by a Gauss-
hy=3.5-4 eV. ian distribution of the form exg{E—BE?), whereA and B
Measurements in the range’<0.8 eV are complicated are positive constantéhe dashed curve in Fig)1Our ex-
by the low sensitivity of available photodetectors. A COOledperimentaj data, shown in F|g 1, indicate that there is no
PbS photoresistor in combination with a DMR-4 prism maximum in the emission in the randev=0.5-0.8 eV,
monochromator will not allow us to record photons with which is characteristic of direct intersubband transitions of
energies below 0.5-0.6 eV. The sensitivity spectrum of &arriers. It is worth noting, however, that the maxima exhib-
cooled PbSe photoresistor extends downhto=0.2—-0.25 jted by the experimental curves in Refs. 8 and 9 lie at the
eV, but its detection capability is more than an order of magiong-wavelength edge of the sensitivity spectrum of the Pbs-
nitude lower than that of a PbS photoresistor. Therefore, ifind Ge- photoresistors used in these paygers former in
the rangen»<0.6 eV we used PbSe photoresistors combineqef. 8, the latter in Ref.)d The sensitivity of the PbSe pho-
with filters—single-crystal films of CdSb with multilayer toresistor we used in the range 0.25-0.6 eV is sufficiently
coatings made of ZnS, SiO, and Ge. These “photoresistorgniform that it can ensure smaller errors in the measure-
filter” pairs were calibrated with respect to wavelength by anments.
IR spectrophotometer, and with respect to sensitivity by a  For this regime of excitation, the effective electrical
ribbon nickel emitter with known color temperatu(@150  power generated excludes significant heating of a transistor
K), whose emissivity differed from that of an absolute b|aCk-p|aced on a radiative heat sirfkhe maximum achievable
body by no more than 10-20% in the spectral range undegmitter current for devices of this type is ).AThe effect of
study. The transistor was fed by rectangular voltage pulsegeating is also lessened by the fact that the synchronous de-
with an off-duty factor equal to 2. Standard synchronoustection system used by us does not record the dc component
detection was used to record the Signal, thereby ensuring &f the SignaL However, the temperature of the emine-rn
suitable “signal-to-noise” ratio. junction itself and the regions immediately adjacent to it can
be pulsed, leading to higher values as the frequency of the
excitation pulses is decreased. With this in mind, we mea-
sured the dependence of the recorded signal on the pulse
Figure 1 shows emission spectra from-p—n- and frequency, using a very long-wavelength optical filter to
p—n—p transistors for which the current in the emitter junc- separate out the longest wavelengths in the emission range of
tion was 100 mA and the accelerating voltage was 4 V. Judginterest(3.8—4.4um), which are obviously most subject to
ing by the behavior of photocurrents excited by externalthe influence of thermal radiation. In Fig. 2a we plot these
illumination ° this accelerating voltage gives rise to virtually dependences for various values of the emitter current. It is
no carrier multiplication; hence, we may assume that light isclear that as the pulse frequenfcincreases from 20 to 1000
generated only by hot electrons in the-p—n- transistor, Hz, the signal recorded at the highest current decreases by
and only by hot holes in the—n—p-transistor. Of course, almost an order of magnitude, whereas for a current of 100
hot carriers of the opposite sigiminority carriers in the mA itis only slightly dependent on frequen¢e sensitivity
emitten are injected into the base under these circumstancesf the PbSe photodetector in this frequency range is con-
however, at these low voltages, when collisional ionizationstan}. This is naturally explained by the fact that at high
does not occu(=4 V), their fluxes are many orders of mag- excitation currents thermal radiation makes a significant con-
nitude lower than the hot-carrier current injected into thetribution to the recorded signal; moreover, at low frequencies
emitter. its role is decisivénote the almost horizontal portions of the

FIG. 1. Spectral distribution of the number of photdiéhv) radiated by

3. EXPERIMENTAL RESULTS AND DISCUSSION
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rent. In this case the intensity of the electroluminescence
obviously should depend linearly on currgmthich in our

- case means that for a constant accelerating voltage it should
also depend linearly o®), which is observed experimen-

1 |
a
[~
3 tally for P<<0.5-0.6 W. If, however, the power drawn by the
N N transistor varies for a constant injection current but increas-
° f ing accelerating voltage, we obtain the functiofP) shown

by curve2. If the recorded emission were thermal, the func-

S

Lyarb.units
3
¥

1} -
tionsL(P) would be identical for this and the other case. In

| \ fact, however, curve’ and2 differ significantly at smalP,
0 100 1000 and only merge at largE, as we might expect, since in this

f,Hz case, according to the data of Fig. 2a, the contribution of
thermal emission is important.

Thus, these measurements show that the thermal emis-
sion does not give rise to any appreciable distortion to the
= measured spectra shown in Fig. 1. The monotonic character
of the spectral dependence of the rate of radiative electronic
transitions casts doubt on the model of direct intersubband
transitions>'° and argues in favor of indirect transitions as
the dominant mechanism for electroluminescence of these
silicon structures.

In light of the strong emitter doping, we should probably
{ i assign an important role to scattering by ionized impurities

100

10

L,arb. units

i 1
0.2 a5 7 2 rather than just phonons. Intraband radiative transitions are

W inverse processes to absorption of a photon by a free carrier.
The cross section for absorption via scattering by charge im-
f for currents in a reverse-biasgu-n junction. I, A: 1—0.1, 2—0.2, purities is a stronger function of the value ¥ (propor-
3—0.4; b—on the poweP drawn by the transistor at constant accelerating tional to hy~ "2 for a simple bangthan the cross section for
voltage (4 V) and variable currenfcurve 1), and also a constant current scattering via the deformation potentiéqbroportional to

FIG. 2. Dependence of the value of the detected signal— onfrequency

0.5 A) and variabl lerating volt 2). >
(0.5 A and variable accelerating voltageurve2) hy~32 see Ref. 1§ Therefore, as the enerdgy decreases,

the role of bremsstrahlung increases, which probably can

curves in the frequency range<40-50 H2. However, as give rise to the more abrupt increase in the radiative intensity
the frequency increases, thermal emission ceases to “keegPserved in the regioh»<0.6 eV.
up” with the current pulses and ultimately its contribution to In conclusion, we note that for direct transitions between
the signal detected becomes negligible compared to the eletight- and heavy-hole subbands the theory predicts a maxi-
troluminescence emission, which is characterized by higtinum in the emission spectrum of silicon located at the very
speed(the horizontal portions at frequencids-400-500 edge of the spectral region we are studying0.3 eV; see
Hz). For low excitation currents, when the thermal emissionRef. 9. However, the similar characters of the spectral
is insignificant, the signal should not depend on the repeticurves obtained fom-p-n- and p—n—p-structures, and
tion rate of the pulses, which is observed in the experimentglso the similar quantum efficiencies for radiation in both
The correctness of this interpretation of the frequency deperfases, indicate that our conclusions regarding the emission
dences is confirmed by the fact that for large excitation curmechanism apply not only to electrons but to holes as well.
rents, as we go from low frequencies to high frequencies, the
phase of the sy_nchronous de_tector char(ge_sa certain f_re- 4. CONCLUSION
guency, the ratio of phases is such that signals excited by
electroluminescence and thermal radiation mutually compen- By using bipolar transistor structures we were able to
sate one another, which causes the “dip” in the uppermosstudy hot electroluminescence of silicon in the photon en-
curve in Fig. 2a ergy range 0.25-0.8 eV at low accelerating voltages, when
Thus, the data shown in Fig. 2a indicate that for excita-collisional ionization is not operating and only one kind of
tion currents of the order of 100 mA thermal emission makesarrier participates in generating the light. Both for electrons
a negligible contribution to the detected signal over the entireand for holes, the emission spectra obtained consist of mono-
band of signal modulation frequenci€Z0—1000 Hz, and is  tonically decreasing functions as the photon energy in-
negligible at frequencies higher than roughly 400 Hz for cur-creases, which disagrees with the results of theories involv-
rents of 0.6 to 0.8 A. ing direct intersubband electronic transitigmghich lead to a
This conclusion is corroborated by the observed depenmaximum in the range 0.5-0.8 g¢\and agrees with the
dence of the emission intensity on the electric power model of indirect intraband transitions with participation of
drawn by the transistoP. Figure 2b shows these depen- phonons or impurities.
dences for a pulse repetition rate of 33 Hz. Cutvs plotted We are deeply grateful to S. M. Kulikovskaya for help in
at constant accelerating voltage and variable injection curearrying out these experiments.
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Bragg reflectors for cylindrical waves
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A transfer-matrix method has been developed for cylindrical waves. Expressions are obtained for
reflection and transmission coefficients of cylindrical light waves by an isolated cylindrical
boundary that separates two media and a cylindrical layered medium. A construction is proposed
for optimized “Bragg” reflectors for cylindrical waves and the properties of these reflectors

are investigated. €1999 American Institute of Physids$1063-782809)00502-5

1. INTRODUCTION 2. BASIC EQUATIONS

é . L . 2.1. Transfer matrix for a basis formed by the components
Bragg reflectors, i.e., periodic sequences of pairs of of electric and magnetic field tangential to a boundary

guarter-wave layers, are part of the various optoelectronigetween media
devices, e.g., vertical-emission lasés.further example of
the use of Bragg reflectors is in distributed-feedback laser
where a diffraction grating serves as the Bragg reflector for a
waveguide mod@.

When the index of refraction of the medium is periodi-
cally modulated, the propagation of photons is forbidden in a
certain range of frequencidfor the Bragg reflector this re- VX H= _isﬂ E. )
gion corresponds to the reflection bafidn these construc- c
tions, Bragg reflectors localize light in one direction, i.e.,|, 5 cylindrical coordinate system E€L) can be expanded
they act like a material with a one-dimensional photon bangnto three equations
gap.

In recent years there has been a steady increase in inter- 1 ‘9_EZ_ ‘9_Ew:- w (33
est in materials with two-dimensional photon band gaps, for p d¢  dz He e
example, two-dimensional photonic crystals of honeycomb
type® 9E, I,

Cylindrical coaxial structures, in which the index of re- 9z dp
fraction of the medium is varied periodically as a function of
distance from the axis of symmetry of the systérig. 1)
make up an alternative and promising class of structures tha 7
ensure two-dimensional confinement of an optical field.

In order to describe the propagation of light in a linear
layered medium it is convenient to use the transfer matrix
method®

We start with Maxwell’'s equations for a monochromatic
ave

. w
VXE=ip_H, (1)

o|e

=ip (3b)

O N
Our task was to develop a transfer matrix method for Q Q N
cylindrical waves that propagate in media with cylindrical %\ \ N7
symmetry[which we will henceforth refer to as cylindrical & \ 2] TRE
ymmetnl ¢ N NN

layered medidsee Fig. 1], find parameters of the structures
that most efficently reflect cylindrical waves, and study the
properties of these structures.

Interest in describing the propagation of light in cylin-
drical systems is motivated by, among other things, problems
in generating nondiverging Bessel bednasmd calculating P

mode structures for a cylindrical lasér. FIG. 1. Sketch of the structure.

1063-7826/99/33(2)/6/$15.00 147 © 1999 American Institute of Physics
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1/d(pE,) JE,| & o dpH,) dH, w
;{T—W—IMEHZ, (3C) T_W__ISEPEZ. (7C)
and Eq.(2) can also be expanded into three equations EliminatingH,, andH , from Eq.(7), we obtain the equation
1H, H, o for &,:
0 ae oz TG Ee (43 o J9E, PE, ,1dudE, W?
PP + 2 P 9 +8/L—2p E,=0.
Ty - egEe 4b ®
Equation(8) can be solved by separation of variables. Set-
1ld(pH,) oH, _ % (40 ting E,=V(p)®(¢) and substituting into Eq(8), and also
pl dp de c taking into account the single-valuedness of the function
Consider the layered cylindrical coaxial system shown inEZ((P) along with Eq.(7), we obtain the fields in the form
Fig. 1. We will describe the propagation of cylindrical waves E,=V(p)expiimep), (99
in this medium as either diverging from the poim:=0 or
converging to it with respect to the normal to the symmetry m ¢ Vip) :
; LR - H,=————expime), (9b)
axis of the systenz. This implies that the derivative/Jdz ro p
=0. Equation(3) in this case takes the form ;
q (3) H,=U(p)expime), (90
} a_EZ =i,u2H , (5a) wherem is an integer, and(p) is a certain function that is
p d¢ c ’ linearly independent o¥/(p).
JE ® It is clear that fom+ 0 the component of magnetic field
2= —ip—H,, (5b) H, will be nonzero. This implies that for modes with non-
ap ¢ zero value of angular momentum we must add to the en-
1[a(pE,) JE w ergy flux in the radial direction a circulating energy flux that
—{a—‘o - a—”} =ipH;, (50  propagates around the structure.
p p ¢ Substituting Egs(9) into Eq.(7), we obtain a system of
and Eq.(4) will have the form two linear differential equations with respectWoandU:
1(9HZ_ . wE 6 A wU 10
pap  fcoe (63 55~ img Y, (103
H, @ d(pU) 1c1 ,o?
=|le— — 2 2 2
ap IgCE‘P, (Gb) ap ——I;ZZ ?p -m“|V. (10b)
1 d(pHy) IE, _ —ing (60 From the systen(10) we obtain two second-order equations
pl dp e c for the functionsV and U:
Arbitrarily polarized cylindrical waves can be separated ol oVl | w?
into waves with either the electric vect@r (E-type wave PanlPap +| —n?p?—m?|V=0, (1139
or the magnetic vectdd (H-type wavegparallel to the sym- ¢
metry axis. This is clear from the fact that the field compo- 72 w2
nents €,, H,, H,) and H,, E,, E,) enter into Eqs(5) p—5(pU)+ —2r12p2—m2 u=0. (11b
and(6) independently, and the independence of the boundary ap c

conditions for tangential and normal components of the fieldsince the functions and U satisfy linear differential equa-

at the surface separating the cylindrical layers. tions of second order, each of them can be written in the
Let us consider the case &polarization, i.e.E,=0,  torm of a linear combination of two partial solutions, e.g.,

E,=0. (The res_ults. for_H polarization are obtained from V,, V, andU;, U,. Let us consider the solution of E€L1)

those forE-polarization in accordance with the substitution \yith the following values specified at a certain pojnt

rule of Ref. 6, i.e., replacement of the electric field by the

magnetic field with simultaneous replacemenidfy — u.) Vilpo)| (1

For this case, the electromagnetic field is described by the set |\ U,(p,)/ 0/’ (129

of componentsk,, H,, H,), which are interrelated by the

system of equations: <V2(Po)) _ ( 0 (125
JE, o U2(po) 1)
P =ipopH,, (7a In order to obtain values of the functions) (V) at an
arbitrary pointp it is sufficient to multiply the matrix con-
E, | o sisting of the solution§12) by a column of initial values at
——=—iu—H,, (7b) e
ap c ¢ the pointpg,:
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V(p) - [ V(po) chromatic cylindrical wave propagating in the direction of
(U( )) = (U( )), (13 increasing p has the following form for the case of
p Po E-polarization:

whereM is the transfer matrix through a uniform layer from 1 _
point po to p: Ez:AHm (kp)equm(P) (18)

) (vlvz) ” H,=ipAHL" (kp)expime)’

M= . 14

U U, whereH") is a Hankel function of the first kind. A converg-

Let us find the transfer matrix through a cylindrical layer N9 Wave is given by replacing the Hankel functions of the
with a constant refractive index. The solution of Etl) that  first kind by functions of the second kind:
satisfies relation$10) has the form EZ=AH(nf)(kp)exp(im<p)

V=AJn(kp)+BYn(kp), (153

U=1pLAIn(kp) +BYn(ke)]. (15h) Denoting the amplitudes of the electric field for diverg-
where J;,, and Y,, are cylindrical Bessel and Weber func- ing and converging waves &' andE~, respectively, we
tions, respectivelyk= e u(w/c), p=+e/u, andA andB  can write
are certain constants. We note that the sign of the derivative

(19

H,=ipAH?' (kp)expime)’

denotes differentiation with respect to the entire argument of E:=E"+E", (209
the function, and not just with respect o . Dt L~
Using the identity Ju(X)Y/(X)+ 34 (X) Y m(X) = 21X, He=1p[CnE"+Cr'E" ], (20D

we obtain expressions for the functiobsandV that satisfy where C&-9= HE-2) (ko) /HE2(Kp). Where necessary, we

relation (12). These solutions are elements of the transfer . . . )
(12 will label a given layer with a second subscrip!{}?

matrix: )
=HID (kp)/HE2 (K, p). Transforming from the~,E™)
'Vlnzgkpo[Yr'n(kPo)Jm(kp)—Jr'n(kpo)Ym(kp)], to the E,,H,) basis, we can write in matrix form
E, [E*
. l ’ ' ! H = E_ (21)
Ma1=1 - kPpol Yin(Kpo) 3n(kp) = I1n(kpo) Yin(kp) 1, ¢
where the transformation matrix is
r
M22= 25 Kpol I kpo) Ym(Kp) = Ym(kpo) Im(kp) ], X 1 1
:(ipcﬁi) ipC??)'

o Kk
Mio=—1=—po[ In(kog)Yn(Kp)—Ym(kpg)Jm(kp)].
=71y PPO[ m(Kpo) Yim(Kp) = Yin(kpo) Im(kp) ] The determinant of the transformation matrix is

(16)

The transfer matrix foH-polarized waves has an analogous M — i i 1
N W Kop HD @ (kp) (22

form for p=+ule. T Kop Hy,(kp)H Y (Kp)

The determinant of the transfer matrix for both cases is _ ) o
determined by the ratio of the initial to final radii: The matrix of the inverse transformation is given by the

R expression

IM|=po/p, (17) _

ich i ; " T i C(mz) -1
which |Ilgstr§tes the conservation of total energy trans.port.ed W_1=ZkopH(m1)(kp)H§§)(kp) T . (23
by a cylindrical wave whose amplitude decreases with in- —ipCp 1

creasing radius.

. . Let us consider how the field transforms when we pass
The transfer matrix through a layered structure gives . :
; . ; through a boundary between two uniform concentric layers.
transfer matrix products of each uniform layer. This follows

o . . The traveling-wave amplitude will change due to reflection
from the continuity of the field components, H,, at cylin . from the boundary. The condition for continuity of the tan-

drical surfaces between uniform layers. Because of this cir- = . , . ; .
. ; ential components of the field at the boundary is written in
cumstance, the determinant of the transfer matrix through o form
. [Ez

layered structure will equal the ratio of initial and final radii
of the entire structure. ES
E,

E.

W,

2.2. Transfer matrix in a traveling-wave basis

It is often convenient to consider the field within a struc- 't thus follows

ture as a sum of waves traveling in opposite directions. A E+ £+
) o 2 - - 2
field that possesses cylindrical symmetry must be treated as a ( _) =W, 1 x W, _) . (25
superposition of diverging and converging waves. A mono- E, E,
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Thus, the transfer matrix through the boundary separating th24. Reflection and transmission coefficients for cylindrical
first and second layer is a product of the direct and in- lavered structures

verse transformation matricd$=W, 1 X \W;, with compo-
nents

N =i gkoPHEnl)(kzp)H(nf)(kzp)[pzc(nﬂ_plcgz) :
N21=i 7 kopHiY (Kap)HEZ (kop) [P CYH — PoClll
N1z=i 7 KopHi (kop) HiZ (Kap)[PoCE ~ P1C,
No=i gkOPHE\})(kZP)Hg)(kZP)[plC(r‘r%])._pZCl<"r:1L2) :

(26)

The transfer matrix through a uniform layer frgm to p will
obviously have the form

H (kp) 0
Hinl)(kpo)
T= 2
HE (kp) @7
H{® (kpo)

2.3. Reflection and transmission coefficients for cylindrical
surfaces

Let us consider the arrival of a diverging wave on a
cylindrical boundary between medium 1 and medium 2. Th

amplitudes of the incident,
waves—1,4 andty, respectively—are related by

)il

(28)

Let us consider a cylindrical layered structure located
between media with indices of refraction andn,. Let a
diverging cylindrical wave fall on the boundary of this lay-
ered structure from the medium with index of refractiopn
The amplitudes of the electric and magnetic fields at the
inner and outer boundaries of the structure are related to one
another by the transfer matrix through the layered structure

M as follows:
1+ry . ty
(ipr‘mZErdefCﬁnl%)=M<ip|C§antd)’ &0
from which it is not difficult to obtain the amplitude reflec-
tion (ry) and transmissiontg) coefficients:

(M= ipsCiatM 1) +ip Cly) (M= ipsCiyiM 1)

<ipfc<n?2M11—M21>+ip|<:$nlﬁ(ipfcaszlz—M22>’( \
32

Fq

4
td:
mpHiy (kip) Hiy (ki)

1
X .
[(in;CZIM 13— My +in CLl(in(CiAIM 1,— M) ]
(32b)

Analogously, we can obtain expressions for the reflection
and transmission coefficients of a converging wave.

e2.5. Cylindrical Bragg reflector
reflected, and transmitted Y 99

Let us determine the parameters of a layered structure in
which layers with two different indices of refraction alter-
nate, which is also an effective reflector for a cylindrical
wave with frequency. For a plane wave, such a structure is
a Bragg reflector— a periodic sequence of pairs of layers

whereN is the transfer matrix from the second medium toWhose thicknesses satisfy the condittys- c/2n;w (herec
the first. The amplitude coefficients for reflection and transdS the velocity of light and the; are refractive indices of the

mission of light are given by the expressions

Noi P2Cim— P1Cint

Fg= = 2 PR Tm (293
N1y plcﬁ_pzqﬁz)
) 1 4i
d=_= .
N1z 7kopHP (kyp)H'Z (kyp)[p2CLH— p1CE
(29b)

layers.

The layered structure with the maximum reflection coef-
ficient is one in which the boundaries between layers are at
distances such that a wave reflected from the first boundary
and a wave reflected from all subsequent boundaries and
returning to the first boundary are in phase. Since the phase
of the reflection coefficients from the cylindrical boundaries
(see the expressionand the choice of the phase of a cylin-
drical wave moving within a layer depend on the distance
from the symmetry axis of the structure, the thicknesses of

Analogously, we can obtain the amplitude coefficients forthe layers will depend on the coordinaie

reflection and transmissian, andt. for a converging wave

2 2
B P2Cima—P1Ci

r.= , (30a
© piC2-p,CH

4
t.= .
© mkopHP (kop)HP (kop) [ p2CLH— p1CEA]

(30D

Assume that a diverging cylindrical wave arrives from
the inside at a surface with coordingtg with amplitude
unity. Let us determine the coordinate of the next boundary
p1, assuming that the wave vector in this layer equals
Denoting the reflection coefficients of waves incident from
inside on the first and second boundaries and from outside on
the first boundary by g, r1q andry;, and the transmission
coefficients of the first boundary “toward the outside” and
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FIG. 2. Dependence of the pha&® and squared modulu®) of the am- ~ FIG. 3. Dependence of the pha& and squared modulu®) of the am-
plitude reflection coefficient of a cylindrical wave diverging from a cylin- Plitude reflection coefficient of a cylindrical wave diverging from a cylin-
drical boundary between two media with indices of refractidiner layey drical boundary between two media with indices of refractiofin8er me-
and 3(outer layey versus the radius of the boundary for various values of dium) and 1(outer medium versus the radius of the boundary for various
the angular momentum:; 1—m=0, 2—m=2, 3—m=5, values of the angular momentum: 1—m=0, 2—m=2, 3—m=5.

“toward the inside” astyy andt,., we find that the reflec- (25% for the squared modulus amdor zero for the phase
tion coefficient from a cylindrical layer located betwegg  Itis also clear that the dependence of the squared modulus of
andp, is determined by the expression the reflection coefficient on radius for both figures are iden-
Foq+ (toctog—F ool 1) 140 tical: the energy _reflegtion coefficients t_:annot depend on
p= 04 2 0c0d 0c 1d/71d77 (333  Whether the light is incident from the optically more dense
1-rocr1q® on the optically less dense medium or conversely. It is nec-
while the transmission coefficient is determined by the ex£ssary to discuss this fact in more detail, since it gives rise to
pression an important difference between reflections of cylindrical
waves and reflections of plane waves.

For angular momentumm equal to zero, the energy flux
transported by an optical cylindrical wave is directed along
the radius, i.e., we can say that the wave is incident normal
where to the cylindrical boundary between the two media. For non-

H® (kpo) HY (kpy) zerom, the Poynting vector of a cylir_1drical wave has a com-
=_n o) m v ponent parallel toe, and proportional to the quantity
Hin'(kpo) HE? (kp)

mcd/nwp; i.e., the energy propagates in a spiral. The arrival
The coordinatep; we are looking for is determined by the of such a cylindrical wave on a cylindrical boundary between
maximum of Eq.(33), which will occur when the phases of

two media can be likened to incidence of a plane wave on a
the two terms in the numerator are matched.

planar boundary at an angtethat satisfies the relation
Repeating this procedure numerically, we can obtain the  sing=mcd/nwp. (34
coordinates of all the subsequent boundaries. When the dis-

tance from the symmetry axis of the structure is large, Weth Asr()/ %Ofs t? !{rr:flnlty,rfthe u:c:jdence tbezcormef,t r,:r? rm?l,”ar\:vd
find that these are quarter-wave thicknesses. € curvature of Ine suriace reduces 1o zero. us Tollows

that the reflection and transmission coefficients for lig®,

(30) for large p should correspond to the case of normal

incidence of a plane wave on a planar boundéfgs. 2
Figures 2 and 3 show the dependence of the square @ind 3.

the modulus R) and phase ¢) of the amplitude reflection For smallp this situation changes: a nonzero imaginary

coefficient of a diverging wave incident on a cylindrical part appears in the reflection and transmission coefficients;

boundary between two media with refractive indices 1 and 3as p reduces to zero, the reflection coefficient reduces to

versus the radius of the boundary. The situations describeghity, which corresponds to total internal reflection.

by these two figures differ only in the order of placement of = There are significant differences in the phenomenon of

the layers: Figure 2 corresponds to a case where light itotal internal reflection for the cylindrical and planar cases:

incident from the less optically dense medium to the moredor cylindrical waves and boundaries, the reflection coeffi-

optically dense medium, while Fig. 3 corresponds to the op<ient is determined by the refractive indices of the bounding

posite situation. It is clear that asincreases, the values of layers, the angular momentum of the wawe and the

the phase and squared modulus of the reflection coefficiedtoundary coordinatg, but does not depend on the order of

asymptotically approach values characteristic of reflection oflternation of the layerél). This result, which at first glance

a plane wave from a planar boundary between the medis unexpected, follows from the fact that the angle between

togtza  HW (kp1)
t= od'1d n; P1 , (33D
1-rocr1d® HV (kpo)

3. AFEW RESULTS AND DISCUSSION
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waves. However, the maximum of the reflection coefficient
X for the quarter-wave structure is shifted relative to the pre-
N specified(design value of wavelength, as is true of the break

: in the spectral dependence of the reflection coefficient phase
q

|

1

——— e — — — —

corresponding to it. This is because the phases of waves
reflected from the various boundaries and returning to the
first boundary are not matched among themselves. Con-
versely, the maximum in the reflection spectrum from the
optimized structure occurs at the prespecifiéesign value
of the wavelength, due to matching of the wave phases re-
flected from all the boundaries in the structure.

As the radius of the first boundary increases, this mis-

—— = o b - - f
<

S e T

0.6 0.8 1.0 1.2 1.4 match decreases; however, we must take into account its
Wavelength , pem effect on the frequency of the intrinsic optical modes of such
a structuré.
FIG. 4. Spectral dependence of the ph@seand modulus squar) of the The transfer matrix method which we have developed

amplitude reflection coefficient of a cylindrical Bragg reflector formed by . . . . .
quarter-wave layerédashed curveand a cylindrical reflector optimized in  fOr cylindrical waves is simple and effective for calculating

accordance with the procedure described in paragrapts@lil curve. The  electromagnetic fields in cylindrical structures. This method
a_mgular momentl_Jm of the incident wave equals zero. The indices of refracg|lows us to study the passage of Iight through cylindrical
tion of the materials that make up the reflector equal 1 and 3. boundaries, cylindrical layered structures, and to construct
cylindrical structures with predetermined properties. Using
the Poynting vector for a cylindrical wave and the normal tothis method we can also create methodologies for designing

the plane tangent to the cylindrical bound484) does not  optical fibers and cylindrical lasefs.
depend on the values of refractive index of all of the preced- ~ The authors are grateful to E. L. Portnoi for useful dis-
ing layers. Using Eq(29a, we can also show analytically cussions.
that the relation between values of the amplitude reflection ~ This work was supported by the Russian Fund for Fun-
coefficients corresponding to the two different types of alter-damental Research.
nation of layers equals-1.

We can also assume that for cylindrical waves an effect'm. A. Kaliteevski and A. V. Kavokin, Fiz. Tverd. TeléSt. Petersbung
analogous to the Brewster effect will occur. ZiZV\IZ;Zulc(;ig?SE[FF’%z-_Sglitdozzactﬁgﬁligggggg].

F|ggre 4. shows the reercpon spectra of a CY"”O.'“Ca' °H. Kogelnik’ and C. V:.Shgmk, 3. Appl. Phy3, 2327(1972.
wave diverging from of two different types of cylindrical 4g yaplanovich, Phys. Rev. Let8, 2059(1987).
Bragg reflectors: a quarter-wave reflector, the thickness ofT. F. Krauss, R. M. De La Rue, and S. Brandt, Nat{irendor) 383 699
whose layers is constant, and an optimized reflector, th%f\jggg}n and E. Wolt Principles of OpticgNauke, Moscow, 1970p. 77
thickness of whose layers varies in accordance with the d|s7J.'Durbin’ 3. 3. Micel, andpl W Etf)erly, Phys.’Rev. L&g, N15,pi49é
tance to the symmetry axis of the structyse The layer (1987.
thicknesses of the reflectors are chosen in such a way that thi&. A. Tovar and G. H. Clark, J. Opt. Soc. Am. 2, N14, 3333(1997.
“Bragg” wavelength equals Jum. As in the linear case, a 9A. V. Kavokin and M. A. Kaliteevski, Solid State Commu@6, N12, 859
periodic sequence of pairs of cylindrical layers with quarter- (1995.
wave thicknesses ensures efficient reflection of cylindricafrranslated by Frank J. Crowne
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LOW-DIMENSIONAL SYSTEMS

Photo- and electroluminescence in the 1.3- um wavelength range from quantum-dot
structures grown on GaAs substrates

A. E. Zhukov, A. R. Kovsh, A. Yu. Egorov, N. A. Maleev, V. M. Ustinov, B. V. Volovik,
M. V. Maksimov, A. F. Tsatsul'nikov, N. N. Ledentsov, Yu. M. Shernyakov, A. V.
Lunev, Yu. G. Musikhin, N. A. Bert, P. S. Kop’ev, and Zh. I. Alferov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 14, 1998; accepted for publication June 28,)1998
Fiz. Tekh. Poluprovodr833, 180—183(February 1999

A method is proposed to increase the emission wavelength from structures grown on GaAs
substrates by inserting a strained InAs quantum dot array into an external InGaAs quantum well.
The dependence of the luminescence peak position on the active region design was
investigated for structures grown by this method. Room-temperature photo- and
electroluminescence spectra in the LB wavelength range are compared. 1©99 American
Institute of Physicg.S1063-782609)00602-X

A problem of current interest is to extend the band ofwavelengths of 1.3:m at room temperature by both optical
optical wavelengths accessible to light-emitting devicesand injection pumping. In addition, optical devices based on
grown on GaAs substrates out to JuB, which corresponds quantum dots may possibly allow us to realize the theoreti-
to the maximum transmission of an optical fiber. Much of cally predicted advantages of systems with size quantization
this interest is motivated by the need to find an alternative ton three direction$.
laser diodes made from InGaAsP heterostructures, since Our structures, which are shown schematically in Fig.
these diodes suffer from a fundamental shortcoming: they daa, were grown by molecular-beam epita®BE) on (100
not confine electrons to the active region very well, whichGaAs substrates in a Riber-32P machine with a solid-state
leads to a strong temperature dependence of the threshofg, source. The device active layer, consisting of a collec-
current density.In addition, if light emitters at 1.3 m could ~ tion of InAs quantum dots embedded in an external
be fabricated on GaAs substrates, they could be used as comm,Ga_,As quantum well, was located in the middle of a
ponents of integrated-optics devices in the long-wavelengtiaAs layer with thickness 0.12m bounded on its substrate
region along with transistors based on GaAs, whose technoknd surface sides by short-period Al@nm)— GaAs(2 nm)
ogy is well developed, thereby obviating the need to usesuperlattices. The mole fraction of InAs and width of the
other substrates such as InP. quantum well were varied in the ranges 0.1-0.3 and 10-4

Strained InGaAs/GaAs quantum wells cannot be used tam, respectively, in such a way that the total stress caused
obtain the required range of wavelengths, due to bounds oboth by the collection of quantum dots and the InGaAs quan-
the quantum-well width imposed by the limitations of tum well did not exceed the critical value for forming misfit
pseudomorphic growth.However, in Ref. 1 it was shown dislocations. The growth was carried out under arsenic-rich
that adding a rather small amount of nitrogarfew percent  conditions at a substrate temperature of 485 °C for deposition
to an InGaAs layer leads to a strong decrease in the width af the active region and 600 °C for the rest of the structure.
the gap gap, making structures that emit at Lt8 possible. The formation of the collection of quantum dots was moni-

Deposition of strongly strained layers of,a _,As toredin situ based on the observed change in the reflected
(x=0.5) is known to lead to spontaneous formation of col-high-energy electron diffractio(RHEED) pattern.
lections of quantum dots. This process also gives rise to a The photoluminescence, which we investigated from 15
considerable long-wavelength shift in the luminescence lingo 300 K, was excited by light from an Arlaser (with
compared to strained InGaAs quantum weélls. this paper  wavelength 514.5 nirand recorded by a Ge photodiode. The
we propose and implement an approach that could serve a&xcitation power density was 100 W/énTransmission elec-
an alternative to using nitrogen-containing compounds, antton microscopy(TEM) studies were carried out using a
which allows us to greatly extend the range of emissionPhilips-EM-420 electron microscope operated with an accel-
wavelengths in structures grown on GaAs substrates. Thisrating voltage of 100 to 120 kV. The MBE samples were
method is based on decreasing the level of size quantizatiqorepared in a planar geometry using chemical etching in a
in the quantum dots as the width of the band gap of the hostolution of H,S0O,:H,0,:H,0 (5:1:12).
material is decreased; this is achieved by placing the aggre- The photoluminescence wavelength of a collection of
gate of quantum dots into an external InGaAs quantum wellquantum dots grown on a GaAs substrate is sensitive to
Such structures make it possible to reach luminescencehanges in the width of the host bandgap. In Ref. 5 it was
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FIG. 1. Schematic illustration of structures under study containing collec- .
tions of InAs quantum dots in an external InGaAs quantum well with two . . ®
bounding superlattices grown or{E00) GaAs substratéa) and an electron- 50 *
microscope image obtained in the bright-field regime alond 16€)] axis of P T S S P TR T 0.01
a structure with a collection of quantum dots in ag #5& ggAS quantum 0 100 200 300

well of width 10 nm(b).
Temperature, K
FIG. 2. a—Photoluminescence spectrum at temperafurés 1 — 30,2 —
shown that replacing a GaAs host by the wider-gap threef0: 3 — 110,4 — 150,5 —190, 6 — 230, 7 — 270, 8 — 300. b—

. . Temperature dependence of the linewidth and intensity(2) of photolu-
component. compound AlGaAS strongly shifts the I:)ho'[()lum"minescence from a structure containing a collection of quantum dots in an
nescence line for the collection of quantum dots to shortef,,.Ga, As quantum well of width 4 nm.
wavelengths. In contrast, the method we propose in this pa-
per to increase the emission wavelength of structures grown
on GaAs substrates is based on decreasing the amount of sizgdth of the quantum well for the amount of InAs used to
quantization in the quantum dots by decreasing the width oform the collection of quantum dots and the mole fraction of
the host bandgap. To do this, we propose to use a narrow-gdpAs in the surrounding quantum well.
strained InGaAs quantum well as the host material surround-  Figure 2a shows the temperature dependence of the pho-
ing the collection of quantum dots. toluminescence for a structure containing a collection of

Figure 1b shows a TEM microphotogragplanar im-  InAs quantum dots placed in angl§Ga, ;As quantum well
age of a sample containing a collection of quantum dotswith width 4 nm. Changing the temperature from 30 to 310
located in an 1p 1 Ga ggAs quantum well with width 10 nm. K causes shift of the photoluminescence line by 85 meV to
Since both the quantum dots and the quantum well on théonger wavelengths, and at room temperature the photolumi-
GaAs substrate consist of material under strain, there is a riskescence maximum has moved to a wavelength ojxin3
of the appearance of misfit dislocations which would removefor a linewidth of 50 meV.
the mismatch stress. Analysis of the TEM data allow us to  The dependence of the width of the photoluminescence
conclude that there was no formation of misfit dislocations inband on the observation temperature, which is shown in Fig.
these samples, which is a result of our careful choice of th@b, is nonmonotonic in character: as the temperature in-
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creases from 15 to 270 K, the linewidth decreases, while for
temperatures above 270 K an increase in linewidth is ob-
served. This behavior is uncharacteristic of luminescence
from bulk material or quantum wells, where we typically
observe a regular increase in the linewidth with increasing
observation temperature, due to population of higher-lying
states.

A similar anomalous temperature dependence of the
photoluminescence linewidth was observed previously in
structures based on quantum dotSAs shown in Refs. 7
and 8, this behavior can lead to a negative characteristic
temperature, i.e., the decrease observed in the threshold cur-
rent density with increasing temperature when collections of
guantum dots are used as the active region of an injection
laser. A distinctive feature of our results is the fact that the
range in which the photoluminescence linewidth decreases .
extends to such high observation temperatures. We are the
first to report such behavior, which could be due to the con- 0.9 1'0 1'1 1'2 1'3 1'4
siderable increase in localization energy of the ground state ' ' ' ) '
of the quantum dots compared to states of bulk GaAs, which
in turn comes from placing the collection of quantum dots in
the external InGaAs quantum well.

It has already been reported in the literature that photo-
luminescence has been obtained at a wavelength ofubn3
in structures based on collections of InGaAs quantum dots
grown both by MBE(Ref. 6 and by MOVPE-hydride epi-
taxy (metallorganic vapor-phase epitaXyon GaAs sub-
strates. In both of these cases, the active region was grown
by alternating depositions of indium and gallium atoms, as a
result of which local regiongislandg were formed with in-
creased In content. The process of forming these islands, and
therefore the photoluminescence wavelength, are sensitive to
such kinetic parameters as the arsenic pressure, the rate of
growth, and the deposition temperature, which are usually
difficult to control reliably during the growth process.

Our approach differs in that, as we will show below, it is
possible to reliably control the emission wavelength over
wide limits by choosing the effective width of the host band- ‘ ] '10 ! 1 '20 ' 1'30
gap, since the host is an InGaAs quantum well. Moreover, ' ' ’
the photoluminescence intensifigoth integrated and pepk
falls off as the temperatgre 'n_creases frf’m _77 to 300 K b)f:IG. 3. a—300-K photoluminescence spectra of samples containing collec-
only a factor of 10 to 30 in al{Fig. 2b), which is smaller by  tions of InAs quantum dots. Indium contenin the quantum well: 0.121),
an order of magnitude than the values reported in Ref. 6. 0.2(2), and 0.3(3). Curve4— photoluminescence spectrum of a collection

Figure 3a shows photoluminescence spectra of Samp|é)§quantum dots in a GaAs hogto quantum well b—‘E_Iectrqumine‘scence

. . . .~ spectrum at room temperature of a sample containing a collection of InAs
WhICh contain collections of InAs quar_]tum dots and WhIChquantum dots in an InGaAs quantum well placed in the middle pf&a-n
differ from one another by In content in the quantum well. structure.

For comparison, we also show the photoluminescence spec-

trum of a collection of quantum dots in a GaAs hd@sb

guantum well. It is clear that decreasing the width of the

bandgap of the host material by increasing the In content istrates. We assume that this is because structures that use
the quantum well leads to a regular shift in the photolumi-injection pumping are more sensitive to crystallographic per-
nescence line to longer wavelengths. As we have notetection both of the active region itself, based on quantum
above, the position of the photoluminescence maximum ocdots, and in the layers of subsequent overgrowth.

curs at 1.3um when an IgGa -As quantum well of width In order to investigate the possibility of making lasers at

4 nm is used. a wavelength of 1.am based on the approach described in

To the best of our knowledge, there have heretofore beethis paper, we grew a laser structure on(1®0 n*-type
no reports in the literature on the observation of lasing oiGaAs substrate. The active region, which consisted of a col-
even electroluminescence in the wavelength range near 1.[ection of InAs quantum dots in an InGaAs quantum well,
um from collections of quantum dots grown on GaAs sub-was placed in the middle of p—i—n region consisting of

Normalized PL intensity, arb. units

Wavelength, pum

EL intensity, arb. units

Wavelength, pm
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doped layers of AJ3Ga, -As with n- andp-conductivity and ~ sian Fund for Fundamental Resear@@rant 96-02-17824
an undoped layer of GaAs. and the Volkswagen Fund.

Figure 3b shows the electroluminescence spectrum of
this sample, plotted for a pumping current of 0.1(@urrent 1M, Kondow. K. Uomi. A. Niwa. T. Kitatani. S. Watahiki. and Y.

. . . Kondow, K. Uomi, A. Niwa, T. Kitatani, S. Watahiki, and Y. Yazawa,
density 70 A/erﬁ) at room temperature. The maximum of Jpn. J. Appl. Phys35, 1273(1996.
the electroluminescence line is located at 1.216 which 2. W. Matthews and A. E. Blakeslee, J. Cryst. Gro®th 118 (1974.
is, as far as we know, the largest wavelength attained in arfA. Yu. Egorov, A. E. Zhukov, P. S. Kop'ev, N. N. Ledentsov, M. V.
injection-pumped structure with quantum dots. The elec- Maksimov, V. M. Uetlnov, A..F. Tsatsul’'nikov, Zh. I. Alferov, D. L.
troluminescence maximum shifted toward longer wave- Fedorov, and D. Bimberg, Fiz. Tekh. Poluprovods0, 1345 (1996

_ ‘ong /€~ [semiconductor80, 1376(1996)].
lengths by only 24 nm relative to the photoluminescence line*y. Arakawa and H. Sakaki, Appl. Phys. Leto, 939 (1982.
of a structure with a nominally identical active region but no °A. E. Zhukov, A. Yu. Egorov, A. R. Kovsh, V. M. Ustinov, N. N. Le-
thick, doped AlGaAs layers. This indicates that the shapes, dGeor;gS;;’\'l "g' ;’ x)?)',‘;mg"’B?hgérgsgfg'zngk?vﬁér;/\; i;:‘?g"'Tg‘k'hYg'olu_
d|menS|or_15,_ and chemical composition of the quantum dots provodn. 31, 483 (1997 [Semiconductor81, 411 (1997)].
placed within the external quantum well are highly stable ¢Rr. p. Mirin, J. P. Ibbetson, K. Nishi, A. C. Gossard, and J. E. Bowers,
against high-temperature annealffigdue to the lengthy /Sppll- E’th-rll-ett-Gg, ?379(53(199?- 5 - o E pei
: . L , P. P. - , E. , Jr., E. titprez,
overgrowth of the active region. ubyshev onzalez-borrero arega, r €
. . N. La Scala, Jr., and P. Basmaji, Appl. Phys. Lé8, 205(1996.

Thus, we have shown that placing a collection of INAS sz E. zhukov, V. M. Ustinov, A, Yu. Egorov, A, R.(Kovsh, A F.
guantum dots in a strained InGaAs quantum well can greatly Tsatsulnikov, N. N. Ledentsov, S. V. Zaitsev, N. Yu. Gordeev, P. S.
extend the range of emission wavelengths from structuregkop'ev, and Zh. I. Alferov, Jpn. J. Appl. Phy8, 4216 (1997
grown on GaAs substrates on the long-wavelength end.<; Mukai. N. Ohtsuka, M. Sugawara, and S. Yamazaki, Jpn. J. Appl.
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Wavelengths for photo- and electroluminesence can be varsa E. zhukov, A. Yu. Egorov, A. R. Kovsh, V. M. Ustinov, M. V. Mak-
ied controllably over a wide range by varying the indium simov, A. F. Tsatsul'nikov, N. N. Ledentsov, N. Yu. Gordeev, S. V.
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Capacitance spectroscopy of deep states in InAs/GaAs quantum dot heterostructures
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The results of a study of a structure with a single array of InAs quantum dots in a GaAs matrix
using capacitance-voltage measurements, deep-level transient spectrd3coy,

photoluminescence spectroscopy, and transmission electron microscopy are reported. Clusters of
interacting bistable defects are discovered in GaAs layers grown at low temperature.

Controllable and reversible metastable populating of quantum-dot energy states and monoenergetic
surface states, which depends on the temperature and conditions of a preliminary isochronal
anneal, is observed. This effect is associated with the presence of bistable traps with self-trapped
holes. The DLTS measurements reveal variation of the energy for the thermal ionization of

holes from surface states of the InAs/GaAs heterointerface and the wetting layer as the reverse bias
voltage is increased. It is theorized that these changes are caused by the built-in electric

field of a dipole, which can be formed either by wetting-layer holes or by ionized levels located
near the heterointerface. @999 American Institute of Physids$$1063-7829)00702-4

1. INTRODUCTION in the treatment of the results &-V and DLTS investiga-
tions of real structures when there is a wetting layer in addi-
Semiconductor heterostructures with spatial confinemenion to QD’s and there are defects and surface states on the
of carriers in three dimensions are presently one of the mosieterojuntion. In particular, it is knowh that plots of the
promising objects of investigation because of the extensiveariation of the radio-frequendyf) capacitance as a function
possibilities of their employment in optoelectronics and asof voltage for heterostructures with a monoenergetic surface
memory elements? The greatest advances in creating quan{evel and with a well or dot guantum state are similar. DLTS
tum dots(QD’s) have been achieved by utilizing the self- measurements of such structures also raise questions regard-
organization of nanostructures in heteroepitaxial semiconing the origin of the DLTS signals, which can be assigned to
ductor systems. The electronic spectrum of such QD’s igmission from the wetting layer, QD’s, or surface states, as
similar to the spectrum of a single atcfnLasing on the well as to deep levels of defects. It was shown in Refs. 5-10
ground state of a QD has been achieved at room temperatutieat DLTS measurements performed as a function of the re-
and a threshold current density of 65 Afim injection het-  verse bias voltage and the filling pulse height permit estab-
erolasers with an active region based on vertically coupledishment of the nature of a DLTS signal. A strong influence
(In, GaAs/GaAs QD’S? At the same time, specific condi- of the electric field in the space-charge region on carrier
tions for growing QD’s: low deposition and capping tem- emission was discovered. The potential barrier in a quantum
peratures, stimulate the generation of point defects near thgell” and a quantum ddt®was lowered in a strong electric
QD’s and on the wetting-layer/matrix heterointerface, whichfield with resultant displacement of the maximum of the
act as centers for the trapping and nonradiative recombinaLTS signal toward lower temperatures with increasing re-
tion of nonequilibrium carriers and thereby lower the verse bias voltage. At the same time, displacement of the
radiative-recombination quantum efficiency. It was shown inmaximum of the DLTS signal toward higher temperatures
Ref. 3 that only 40% of the carriers in these lasers take pamith increasing reverse bias voltage was discovered for a
in radiative recombination and 65% of them participate inmonoenergetic surface state, and this effect was attributed to
stimulated emission. The remaining 35% of the carriers respatial variations of the misalignment voltages near the
combine spontaneously through excited QD states antleterojunctior’. When the filling pulse height was increased,
wetting-layer states. Deep-level transient spectroscopit was found that the positions of DLTS peaks caused by
(DLTS) is the most effective method for the spectroscopy ofemission from quantum déts° shift toward lower tempera-
defects and impurities with deep stafeShis method has tures. The observed decrease in the activation energy for
been successfully applied to the spectroscopy of states boumdrrier emission from quantum dots was associated in Ref. 8
to a heterointerfaceand of quantum well8, as well as both  with the increase in the energy of the Coulomb charge in
isolated QD’§ and arrays of vertically coupled InAs/GaAs quantum dots as the carrier concentration in them rises. It
QD’s.>1 Another method which has been successfully emwas found in Refs. 9 and 10 for structures with vertically
ployed in the determination of the effective carrier distribu-coupled InAs/GaAs QD'’s that if the defect density near the
tion profile in structures containing QD’s is capacitance-QD’s is comparable to the density of the dots themselves, the
voltage C—V) spectroscopy®! Formidable problems arise Coulomb interaction of charged defects with carriers local-
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ized by QD’s can lead to the formation of an electric domain,were performed in the dark, and the sample was cooled un-
as well as to tunneling of the carriers between the deep stateler the conditionU, <0 before the DLTS measurements.
and quantum states. However, despite the existence of n0the thermal activation energlf, and the carrier trapping
merous publications, there is presently a lack of detailed ineross sectiorr, were determined from an Arrhenius plot.
formation on the features @—-V and DLTS measurements The investigations of the InAs/GaAs QD structure using
of real structures which have not only QD’s but also a wet-a Philips EM420 transmission electron microscope operating
ting layer, as well as defects and deep surface states on tla an accelerating voltage of 100 kW were performed in a
heterojunction. The problems then arising in assigning thelanar geometry and in a transverse-section geometry. The
DLTS signals to emission from a particular state can besamples were prepared in the cross-sectional geometry ac-
solved by a combined approach involving comparison of thecording to a standard procedure including finishing by 4-kwW
results from photoluminescence spectroscopy, transmissicargon ions at a grazing angle of incidence on a Gatan Duo-
electron microscopyTEM), andC—-V and DLTS measure- Mill 600 machine. For investigations in the planar geometry
ments. the samples were prepared by chemical etching in a
In this article we report the results of an experimentalH,S0,;:H,0,:H,0 (5:1:1) solution after preliminary removal
study of a structure containing one array of InAs QD’s in aof the upper layer of the material.
GaAs matrix usingC-V, DLTS, and photoluminescence
(PL) measurements, as well as TEM. We found that the
DLTS spectra contain peaks assigned to deep states 3t
known defects and a monoenergetic surface state at the het- Figures 1a and 1b show images of InAs QD’s in a GaAs

erojunction between the InAs wetting layer and the GaAsmatrix in the structure that we investigated in the light-field
matrix and peaks of QD energy states. Controllable and reregime and cross-sectional geometry, which were obtained
versible metastable populating of the quantum-dot energyising a transmission electron microscope. The dot concen-
states and the monoenergetic surface state, which depends @&tion was estimated to be {23)x 10° cm™2 on the basis
the temperature and conditions for the preliminary isochronagf a light-field image obtained in th@20) reflection from a
anneal, was observed. sample of planar geometry. The dominant factor shaping the
image in this regime is the deformation component. It in-
cludes the deformation of the quantum dot itself and the
GaAs matrix in the immediate vicinity of the dot. Therefore,
The structure investigated in this work was obtained bythe dot diameter determined on the basis of such an image,
molecular-beam epitaxy. It contained a single plane of QD’swhich equals 13 nm, is an upper bound. The actual QD
built-in as a result of the deposition of three monolayers ofdiameter is overestimated by 25-30%. Linear defects were
InAs in the middle of ap-GaAs epitaxial layer §=3  also discovered with a density 0f210° cm™2 in the struc-
X 10'® cm™3) of thickness 0.9um grown on ap’-GaAs tures. The investigations showed that there are two types of
(100 substrate. Th@-GaAs epitaxial layer was covered by linear defects: dislocations in stressed islands formed as a
an’-GaAs overlayer to create p—n junction. At liquid-  result of a relaxation process, as well as stacking defects in
nitrogen temperature the photoluminescence spectra of sutche upper layer, which are bounded by partial dislocations
structures display a line dtr=1.19 eV*** which is pro- and appear because of the presence of the stressed layer of
duced by the electron and hole ground states in the Quantum dots. It can also be seen from the image of the QD
plane. The quantum states of the dots, the deep levels of tHayer in the planar geometrfFig. 1b that these partial dis-
defects and impurities, and the carrier distribution profile inlocations terminate on one another.
the heterostructures were investigated ®yV measure- Figure 2b shows distribution profiles of the effective
ments and DLTS using a Bio-Rad DL4600 spectrometer ophole concentration p*(U,)] determined from theC-V
erating in the dual-gate integration mode. A Boonton-72Bcharacteristics of the InAs/GaAs Q-n structure(Fig. 2a.
bridge operating at 1 MHz was used to measure the capacfhe C—V characteristics were measured at 82 K after an
tance. The sensitivity of this instrument 4C/Cy~10"%. isochronal anneal under various conditions. It is seen from
Ohmic contacts were thermally deposited on fiieGaAs  Fig. 2b that thep* (U,) curve has two peaks in hole accu-
substrate and the™-GaAs layer to perform the DLTS and mulation regions. One of them is narrow, and the amplitude
C-V measurements. Before each DLTS dnhdV measure- of the other is five times smaller. In addition, there is a
ment, the sample was annealed isochronally for 1 min at depletion region located between the two peaks. The
fixed temperature. The sample was preliminarily heated t&€ "?(U,) characteristioFig. 28 has one extended plateau
450 K and held for 1 min with the reverse bias voltdge  with a small gradient and another less pronounced plateau.
=0 if the annealing was carried out &t <0, and it was The existence of such plots of the capacitance as a function
then cooled to the annealing temperature. For annealing witbf voltage is characteristic of structures with quantum dots,
U,=0 the sample was preliminarily held witd,<0. The quantum wells, and monoenergetic surface states on the het-
annealing temperature was varied in the range 80-450 Kerointerface. The firgh* (U,) peak is at a depth of 0.38m,
Thereafter, the sample was cooledlte 80 K either with an  and the second peak is at 0.48n. The positions of the
applied reverse bias voltagd, <0 or with U,=0. The p*(U,) peaks coincide with the calculated positions of the
DLTS or C-V measurement process was then begun. Imquantum dots and the wetting layer. A decrease in the mea-
addition, unless indicated otherwise, all the measurementsurement temperature led to narrowing and an increase in the

RESULTS

2. SAMPLES AND METHODS OF INVESTIGATION
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FIG. 1. Electron-microscopic images of InAs quantum dots in a GaAs maitrix in the(220) light-field regime(the arrows mark extended defects —
transverse section of a layer of quantum dobe arrow marks a packing defgct

amplitude of the peaks on the distribution of the effectivefurther in the range 3.0-3.6 V, an increase in the amplitude
hole concentration. Appreciable variations in th&(U,) of the signal of the first DLTS peak and further displacement
profile were observed as a function of the conditions of theoward lower temperatures were observed. The thermal acti-
isochronal anneal,=0 andU,<0) (Fig. 2). The heights vation energy and the trapping cross section determined for
of the peaks at the maxima of the effective hole concentrathis DLTS peak varied in the rangés,=(314—360) meV
tion p* (U,) rose in the case of annealing with<0. Inthis ~ and o,=(0.10—3.0)< 10" ** cn?. The values of, and s,
case the width of the first peak increased with a shift towardletermined by us show that another leudB, with param-
the second depletion region, while the second peak narters differing from the preceding level is observed in this
rowed. The width of the depletion region remained un-range of values o, . In this same range of values 0f the
changed. An even greater increase in the effective hole coreffective hole concentration on thg (U,) distribution pro-
centration was observed when te-V measurements were file increased from its minimum value in the depletion region
performed with illumination of the sample by white light to the second maximum in a hole accumulation redigig.
(Fig. 2b. 2b). In the third rangeJ, = (3.6—4.4) V there was a shift of
The C—V measurements permitted determination of thethe position of the maximum of the first DLTS peak toward
region of spatial localization of the QD’s and the conditionshigher temperatures with little variation of its height. The
under which the DLTS spectra should display signals assahermal activation energy and the trapping cross section var-
ciated with carrier emission from the QD's, the wetting ied up toE,=293 meV ando,=2.6x10 '8 cn? (the H4
layer, and the defects located in their vicinity. The spectrdevel). In addition, another low-temperature DLTS peak ap-
shown in Fig. 3a were measured at a constant value of thgeared, and it moved into the high-temperature portion of the
filling pulse heightU; and for various values of the reverse spectrum a&), was increased. The thermal activation energy
bias pulse voltagé), . To determine the spatial localization of the level associated with tHél peak was 95 meV. In the
of the DLTS signals, measurements were performed witlfourth rangeU,=(4.4—-6.0) V an increase in the height of
simultaneous variation df); andU,, but with a fixed dif- the first DLTS peak and displacement of the position of its
ference betweety, andU; [AU=(U,—U;)=0.8 V] (Fig. = maximum toward higher temperatures were observed
3b). WhenU,<1.5V, no DLTS signal was observed. When
U, was varied in the range 1.5-3.0 V, which corresponds to
the first hole accumulation peak on th&(U,) profile, two ~ TABLE L.
broad peaks appea(ed in the .DL.TS Sp?Ctra' Thej' IoWf\lame of  Energy  Trapping cross Corresponding levels
temperatureH2 peak increased with increasity, and itS  jevels  E,, meV sectiong cn? in other studies
maximum shifted slightly toward lower temperatures with

— 20
simultaneous broadening in the same directi6ig. 23. The 29255 ;i 18_19
thermal activation energy dgtermineq from the 'ArrheniusH:,) 360 3.0¢10-15 HL5, HL11 (Ref. 21
plot for the level corresponding to this peak varied in theHs 293 2.6¢10718
rangeE,=(225-240) meV, and the trapping cross sectionH5 314 7.¢10°1°
varied in the ranger,=(3.3-8.3)x10 %° cn? asU, was M 397 26¢107°%  HL4 (G, H2 (Refs. 21 and 28
increasedsee Table)l The position of the maximum of the Ho ‘5‘2‘2‘ i'i 18—15 HL8 (Fe) (Ref. 2)
DLTS signal did not vary in response to the simultaneousyg 776 10¢10°15 H5 (Ref. 23

variation of U; and U, (Fig. 3b. WhenU, was increased
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2.003F a anneal(with U,<0 or U,=0), as well as at four different
values ofU, , were performed. The values bf. correspond

to the values at which the previously noted characteristic
changes in the behavior of the DLTS spectra were observed.
Figure 4a presents the DLTS spectra measured with various
values ofU, after preliminary isochronal annealing of the
sample atT,=450 K with an applied reverse bias voltage
U,<0 or U,=0. These measurements showed that follow-
ing isochronal annealing witt, =0 andT,=450 K the am-
plitudes of the low-temperatutd2*, H3*, andH4* DLTS
peaks measured withd,=3.0, 3.5, and 4.0 V are smaller
than the amplitudes observed following annealing with
U,<0. A transformation from the state wit2*, H3*, and

H4* to the state wittH2, H3, andH4 and in the reverse
direction took place at an annealing temperature of about 250
K. Similar changes were also noted for the first hole accu-
mulation peak on the* (U,) profile. In the DLTS spectrum
measured withJ, =5 V the H5 vanished, and a new peak,

0.002F

1/C%, pF~?

0.001

0 1 2 3 7 5 H5*, formed. Its amplitude increased with displacement to-
Up, V ward higher temperatures, and it thus exhibited properties

which are usually observed for a bistable deféct’ Optical
ap b illumination during measurement of the DLTS spectrum led

to enhancement of the DLTS signal in the region of the
low-temperature maximurtFig. 4b).

cm~9

?

%*

4. DISCUSSION OF RESULTS

The measurements of the DLTS spedffigs. 3 and 4
as functions otJ, andU; showed that four ranges &f, , in
which significant changes in the DLTS spectra occur, can be
identified. The same ranges 0f during the measurements
specify four characteristic regions on the hole distribution
profile p* (U,). The measurements of the DLTS spectra fol-
lowing preliminary isochronal annealing under two condi-
tions (with U, <0 or U,=0), in turn, demonstrated that the
first three ranges dil, , in which there was a decrease in the
amplitude of the DLTS peak following annealing with
U,=0, can be combined to form a single range. Accumula-
. . . ) ) tion and depletion regions associated with the quantum dots
0 1 2 3 4 J and the wetting layer were observed on gigU,) distribu-

Bias, V tion profile at these values &f, (Fig. 2b. The fourth range,
FIG. 2. C"%(V,) (a) andp* (U,) (b) characteristics of @a—n heterojunction Where, an increase 1o, was ac.comp?'med by an mcrease ".1
with a single array of InAs quantum dots in a GaAs matrix measured withthe width of the DLTS peak with a simultaneous increase in
illumination by white light (1), with U,<0 (2), and withU,=0 without ~ the amplitude of its maximum and displacement of its posi-
light (3) after an isochronal anneal & =450 K and preliminary deposition  tion toward higher temperatures, is characterized by a mani-
with U, <0. festation of bistability of the DLTS spectrutfig. 4). In this
range ofU, the hole concentration varies only slightly on the
p*(U,) distribution profile, and this GaAs region is directly

(Fig. 3. When we measured the DLTS spectra with variousadjacent to the InAs wetting lay€Fig. 2b. The variations in
values ofU; and U, and a fixed value of the difference the DLTS spectra of the QD structures as a function of the
between themAU, on a series of samples cleaved from applied bias voltage and the conditions of the isochronal an-
different parts of a slab, we observed the same variations afeal (Fig. 4 were similar to those previously observed in
the DLTS signal with increasing, (Fig. 3b as at a fixed radiation-treated GaA%:° The DLTS spectra of GaAs dis-
value ofU; . A sharp decrease in the amplitude of the DLTSplayed a broad band, which was assigned to clusters of
signal was discovered on other samples. The parameters ofosely arranged defects formed when it was irradiated. Car-
the levels are listed in Table I. The concentration of theseaier emission from a deep state of one of the defects in such
levels determined fot),=5 V wasN,;=4.5x 10" cm ™3, a cluster could take place through shallower levels of another

Investigations of the dependence of the DLTS spectra odefect by means of a multiphonon tunneling hopping transi-
the temperature and conditions of the preliminary isochronation. In addition, it was found in Refs. 15 and 20 that the

=S
~m
~
~
T

Apparent hole concentration p
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clusters formed in GaAs either as a result of radiation treatef the QD’s is not absolutely coherent and that there are
ment or during epitaxial growth from a Ga melt at high crys-regions clearly containing dislocations in stressed islands and
tallization onset temperatures can exhibit the properties oftacking defects in the upper layer.

configurational bistability. The DLTS measurements also re- The bistability of the structures investigated is also
vealed the formation of defect clusters in GaAs grown at lowmanifested by the dependence of th&(U,) distribution
crystallization onset temperatures from a Ga melt. The reprofile on the conditions of the preliminary isochronal anneal
sults of our investigations thus show that the formation of aand the employment of optical illumination during tBe-V
cluster, which is composed of defects characteristic of GaAsneasurementd-ig. 2). These effects are similar to the phe-
grown from a Ga meltsee Figs. 3 and 4, and Tablednd nomena observed for tH2X center in AlGaAs, whose con-
which displays bistability properties, takes place in low-centration is comparable to the concentration of the donor
temperature GaAs layers directly adjacent to the QD’s andmpurity.?? The DX center is characterized by the existence
the InAs wetting layer. This is consistent with the results ofof two configurations. In one configuration it is a trap with a
the TEM investigationgFig. 1), which show that the growth deep level, in which a carrier can be trapped at temperatures
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sufficient for overcoming the potential barrier. A fairly high localized quantum or surface states by holes should increase.
temperature is also needed for reverse emission from thig/e also observed an increase in the hole concentration in
self-trapping level. In the other configuration it is a shallow such states as a function of the conditions of the isochronal
donor. When thé® X center takes on the configuration with a anneal when we determined tip& (U,) distribution profile
shallow donor level, the conductivity of the sample rises.(Fig. 2b. In the case of spatially localized states this should
The transformation of th® X center from the configuration also lead to an increase in the height of the peak of the DLTS
with a deep level to the configuration with a shallow levelsignal. In the case of a quantum well, for example, it is
can be induced by optical excitation or by heating theknown that the DLTS signal is specified by the relafion
sample. A preliminary isochronal anneal under appropriate _ 2

conditions (with U,<0 or U,=0) can also transform the AC/C=pyL/(2NW5), @
defect from one configuration to the other. In our case thavhereC is the capacitance of the space-charge layer for the
increase in the hole concentration during annealing withreverse bias voltage at which the DLTS signal is measured,
U, <0, during which the defect like th®X center trans- p,, is the surface concentration of holes trapped in a vell,
forms into a configuration with a shallow level, should occuris the depth of the quantum-well lay&# is the width of the
with displacement of the position of the Fermi level closer tospace-charge regior; is the dielectric constanty is the

the valence band. As a result, the occupancy of the spatiallgharge of an electron, and, is the concentration of accep-
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tors in the GaAs layer. Sind&/=(2e/qN,), we can reduce insufficient for distinguishing between them, and we observe
Eqg. (1) to the formAC/C=~p,L. Hence it follows that en- one long plateau with a gently increasing capacitance instead
hancement of the DLTS signal should be observed as thef two or three shorter plateaus. The DLTS spectra for dif-
population of the localized statep,{) increases. At the same ferent values ofJ, in the second range display tht8 peak,
time, for defects distributed across the entire thickness of thevhose spatial localization region coincides with the deple-
semiconductor layer, the DLTS signal is specified by thetion region and the position of the maximum of the second
relatiorf peak on the hole distribution profilp* (U,). The thermal
_ activation energy of the level associated with this peak var-

AC/IC~N/2N, @ ied in the range 314—-360 meV &k was increased. These
and its amplitude decreases as the concentration of the de&plues significantly exceed the values which we estimated in
levels of the bistable defedt; falls and the concentration of Refs. 13 and 14 for the quantum states of a dot and for the
the shallow acceptom,, rises. The increase in the amplitude wetting layer. Therefore, the spatially localizei® level can
of the signal in the DLTS spectra observed in response tbe a surface state of the GaAs/InAs wetting layer interface.
optical illumination was also a manifestation of an effectThis, in turn, allows us to assign the second peak on the hole
associated with the presence of traps with a self-trappinglistribution profilep* (U,) (Fig. 2b to a surface state of the
level in the structureFig. 4b). GaAs/InAs interface or to the wetting-layer quantum well. A

The DLTS spectra measured with various valuetJof comparison of the parameters of th¢3 level with the
from the first three ranges contained tH2, H3, andH4 known parameters for GaAs revealed that at large values of
peaks, whose amplitudes rose as a result of isochronal at}, its parameters approximate those of t& levef® and
neals withU,<0 and declined as a result of anneals withthe HL11 andHL5 levels? As was established in Ref. 24,
U, =0 (Figs. 3 and 4 It follows from the foregoing material the last of these levels forms when GaAs is grown from a Ga
that all three levels associated with these peaks are spatialiyelt and is associated with a complex containifg. The
localized states. Let us consider each of them individuallysurface concentration of thd3 level, like that of theH2
The H2 peak was observed in the DLTS spectra measurebkvel, was estimated using E@.) and was found to be equal
with values ofU, from the first range. The thermal activation to 2.0x 10'° cm™?2, which is twice as large as the hole con-
energy corresponding to this peak varied in the rangeentration in quantum dots. Finally, let us consider the last
E,=225-240 meV. The spatial localization of th peak spatially localized peak, i.e., theé4 peak, which appears in
(Figs. 3 and 4 coincided with the first hole accumulation the DLTS spectra measured with various valuetpin the
peak on thep* (U,) profile (Fig. 2b and with QD’s, which  fourth range. The spatial localization region of this DLTS
were determined from the TEM investigations. The PL in-peak coincides with the second maximum on the hole distri-
vestigations revealed the presence of a band for the QD exution profilep* (U,). The position of theH4 DLTS peak
citon ground state with an energy of 1.19 eV and a width ofshifts toward higher temperatures @s is increased and the
110 meV in the luminescence spectra. In addition, takindilling pulse heightU; is diminished. It may be identical to
into account the results in Refs. 13 and 14, we estimated thine H3 surface level localized at the GaAs/InAs interface.
electron ground-state energy, which was found to~iHO0  One of the causes of the observed changes in the position of
meV. Summing the values of the hole energy and the eleche H4 peak can be the Coulomb interaction between holes
tron ground-state energy with the QD exciton ground-statdocalized in the wetting-layer quantum well and ionized ac-
energy, we obtain a total value of 1.515 meV, which roughlyceptor surface states of the GaAs/InAs interface, which leads
coincides with the gap width of GaAs. All these results,to the formation of a dipole and alteration of the energy for
taken collecively, provide some basis to assume thatithe the thermal ionization of holes from this level. At relatively
level observed in the DLTS spectra is the quantum-dot holesmall values ofU, in the second range, penetration of the
ground state. Equatiofil) was used to estimate the maxi- field of the space-charge layer is screened by carriers of lo-
mum surface concentration of hol@g in a quantum dot, calized surface states, and emission takes place from a nar-
which was found to be equal to %4.0° cm™~2. This value is  row region in the vicinity of the point where the Fermi level
in good agreement with the value of the dot concentratiorintersects the deep state. Whep is increased, hole emis-
determined using TEM, if it is assumed that each groundsion from the narrow region will progressively increase and
guantum state contains two holes with opposite spins. Wéegin to significantly exceed the hole emission from i
also estimated the hole concentration in a quantum dot froquantum level. This process also determines the observed
the results of theC—V measurement$Fig. 23 using the growth and displacement of thd3 peak toward the low-
relation p4=C*(U,,—U,,/Aq), where C* is the capaci- temperature portion of the DLTS spectrum in the second
tance on the plateau of thig@—V characteristiclJ,; andU,, range ofU, values(Fig. 3). WhenU,=3.6 V, the bias volt-
are the values of the bias voltage at the beginning and end afge U, becomes such that all the surface states are com-
the plateau, and\ is the area of the diode. It was equal to pletely emptied in the field of the space-charge layer and
1.4x 10" cm™2, which is significantly greater than the con- saturation of thé43 peak is observed in the DLTS spectrum.
centration estimated from the height of the DLTS peak.A further increase in the value &f, initiates a penetration of
These discrepancies are possibly attributable to the fact théte space-charge field into the quantum well. When a filling
the C—V measurements give the total value of the concenpulse of heighU; is applied, the quantum well and the sur-
tration of ground- and excited-state holes in a quantum dofface states are populated. After a reverse bias pulse is ap-
since the spatial resolution of our capacitance bridge may bplied, hole emission from the quantum state begins at low



164 Semiconductors 33 (2), February 1999 Sobolev et al.

temperatures. When the temperature rises, a two-stage traveltage is increased. It has been theorized that these changes
sition consisting of the emission of holes into freed states ofire caused by the built-in electric field of a dipole, which can
the InAs quantum well followed by their emission into the be formed either by wetting-layer holes or by ionized levels
GaAs valence band becomes likely for holes that populatéocated near the heterojunction.
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The influence of the growth conditions during molecular-beam epitaxy and of the degree of

lattice mismatch between the epilayer and the substrate on the formation of InGaAs islands on a
Si(100) surface is studied. An increase in lattice mismatitie InAs mole fractiohleads

to an increase in the critical thickness corresponding to the onset of island growth, in contrast to
the formation of InGaAs islands on Ga@A€0. An increase in the deposition temperature

also increases the critical thickness, whereas an increase in the arsenic pressure has the opposite
effect. Structures containing an array of InGaAs islands in a Si matrix display a

luminescence line in the range 1.2— L@, depending on the mole fraction of InAs. €999

American Institute of Physic§S1063-7829)00802-9

Silicon is still the principal material used in semiconduc- The possibility of creating stressed InGaAs islands in a
tor microelectronics. Although the electrical characteristicssilicon matrix was reported in Ref. 8. Their dimensions were
of transistors based on IlI-V materials are superior to thosestimated using tunneling microscopy to be about 20 nm
of silicon metal-oxide-semiconductéMOS) transistors, the along the base and 4 nm in the vertical direction with a
latter are characterized by a significantly lower cost and simsurface density of the order 0b&10' cm™2. The formation
pler fabrication. However, the use of silicon in light-emitting of islands leads to the appearance of an intense band in the
devices is hampered by the indirect structure of the energphotoluminescence spectra at 1.2—A8 (77 K). In our
bands. The integration of logic circuits based on silicon withstudy we investigated the influence of the deposition regimes
I1I-V optoelectronic devices is very promising for device ap- on the process leading to their formation. i
plications. The structures investigated were grown in aR-E203

One of the ways to create such structures involves thenolecular-beam epitax¢yMBE) system(Russia on Si sub-
use of heterostructures based on direct-gap Ill-V semiconstrates oriented in thELOO] direction. The substrates were
ductor compounds grown on a fairly thin GaAs or InGaAsprepared by a standard chemical-etching procetiuRe-
buffer layer deposited on a Si substrafeThe main prob- moval of the surface oxide layer in the MBE system at
lems are then associated with the formation of a domair850 °C led to the appearance of a band 2 high-energy
structure when the IlI-V layers are grown on Si, as well aselectron diffraction(HEED) pattern. The transition from the
with the formation of misfit dislocations in the buffer layer, two-dimensional to the island growth regime during the
which subsequently extend into the active layers and ardeposition of InGa, _,As (x=0-1) on a silicon surface was
caused by the great difference between the lattice constantsonitored directly during the growth process by observing
of the buffer layer and the substrate. the transition from a band to a point HEED pattern. The

An alternative approach is to form optically active, growth rate was 0.3—0.5 monolayers/s. The deposition tem-
direct-gap islands directly in a silicon matrixf the lateral  perature was varied in the range 250—500 °C. The array of
dimensions of these islands are sufficiently snglelés than InGaAs islands formed was then covered by a silicon layer
100 nm), they will have a single-domain structure, and thereof thickness 50 nm, which was grown from a solid-state Si
will be no misfit dislocations. In addition, the use of an source operating at a temperature close to the melting point
indirect-gap material as a waveguide layer in a laser structuref Si, which ensured a growth rate of about 1 nm/min.
permits significant reduction of the contribution due to the  The photoluminescence of the samples was investigated
radiative recombination of nonequilibrium charge carriers inat 77 K with excitation by an Af laser(514.5 nm having a
the waveguide region to the threshold current derfsity. power density of 500 W/cmand detection by a Ge photo-

Lattice mismatch can serve as the driving force for form-diode.
ing these islands. It was previously shown in Refs. 5—-7 that The HEED investigations showed that the quantity of
when a certain critical thickness is achieved during the depoin,Ga, _,As deposited that corresponds to island growth de-
sition of a highly stressed InGaAs layer on a G pends strongly on both the deposition conditidgtie sub-
surface, there is a transition from a two-dimensiofi@yer-  strate pressure and arsenic pressarel on the mole fraction
by-layep to a three-dimensionalisland growth regime, of InAs in the material deposited.
which leads to the spontaneous formation of elastically The dependence of the effective thickness of
stressed InGaAs islands in the gallium arsenide matrix.  In,Ga _,As deposited at the onset of island growth. on

1063-7826/99/33(2)/4/$15.00 165 © 1999 American Institute of Physics
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FIG. 2. Dependence of the thickness of deposited InAs corresponding to the
onset of island growth during deposition on 18I0 surface on growth
temperature. The arsenic pressureis1D° (filled point and 3< 1076 Pa
(unfilled pointg. Solid curve — temperature dependence of the re-
evaporation rate of InAs from the Si surface calculated with consideration of
the influence of the mismatch stress.

FIG. 1. Dependence of the thickness of depositeG&_,As correspond-
ing to the onset of island growtth{) on the degree of lattice mismatch)(
with respect to the substrate: @illed pointy, GaAs (unfilled points. The
deposition temperature was 480 °C.

the degree of lattice mismatch between the epilayer and the

substrate §) is shown in Fig. 1 for a deposition temperature 5, jncrease in the required amount of material to 5 ML, and
of 480°C at 480°C and higher temperatures the transition to island
5= (Bepi— Asu) Asuis (1) growth is not observed at_ all. _ _

A threefold increase in the arsenic pressure during the
wherea,; andag,, are the lattice constants of the depositeddeposition of InAs at 400 °C permits acceleration of the is-
layer and the substrate, respectively. land formation process. In this case, as is shown in Fig. 2, an

It was found that a deposition of a GaAs layer on aisland growth regime is achieved after the deposition of 2
Si(100) surface, which corresponds &iz=4%, gives rise toa ML, which corresponds to the value bf at 300 °C and the
transition to island growth when 2 monolayefidlL) are  usual arsenic pressure. However, at both 10(880 °Q and
completed. An increase in the mole fraction of InAs in thehigher (480 °Q temperatures an increase in the As pressure
material deposited leads, at first, to a slow increade.iand,  does not have an appreciable influence on the critical thick-
abovex=0.5, to a sharper increase in this parameter. Whemess.
pure InAs was depositedS& 11.5% under the conditions Thus, there is a certain critical deposition temperature,
indicated, island formation was not observed at all in theabove which the transition to island growth is not observed.
HEED pattern up to 11 ML. Near that temperature the value bf is determined to a

For comparison, Fig. 1 shows our data regarding thesignificant degree by the arsenic pressure.
dependence dfi, on § for a system of IpGa, _,As islands According to the theory for the spontaneous formation of
on a GaA$100 surface. Since the cause of the transitiona three-dimensional nucletisa significant influence on this
from the two-dimensional to the three-dimensional growthprocess is exerted by the value of the surface energy, which,
regime is the stress caused by mismatch of the lattice corin turn, can depend on the deposition conditions. This pro-
stants of the epilayer and the substrate, an increase in migides a qualitative explanation for the influence of the sub-
match should, in general, lead to a decrease in the criticadtrate temperature and the arsenic pressure on the formation
thickness for the transition to the island growth regime, a®f InGaAs islands on a silicon surface. An increase in the
was observed experimentally in the case of the deposition dafffective thickness of deposited InGaAs, which corresponds
InGaAs on GaAgsee also Ref. 10In contrast to this sys- to the onset of island growth, can also be caused by the
tem, in the case of the deposition of InGaAs on Si the criticapartial re-evaporation of In atoms from the growth surface
thickness for the onset of island growth increases, rather thawhen the temperature is increased. As we know, the onset of
decreases, as the degree of mismatch increases. the intense re-evaporation of In during deposition on a GaAs

Figure 2 shows the dependence of the effective thicknessurface corresponds to a temperature of about 546 The
h. for the onset of the island growth of InAs on a Si surfacelarger value of the mismatch stress in the case of the depo-
on deposition temperature. As can be seen from this plosition of InAs on a Si surface makes a contribution to the
while a three-dimensional growth regime is achieved afteiGibbs free energy and leads to displacement of the point for
the deposition of about 2 ML at low temperatu@@bout the onset of intense re-evaporation toward lower tempera-
300 °Q, raising the substrate temperature to 400 °C leads ttures. Figure 2 shows a theoretical plot of the re-evaporation
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the range 1.2—1.@m. In addition, the absence of this line in
the spectra of samples in which islands were not formed
proves that it is not caused by point defects on the InGaAs/Si
boundary or by impurities in the silicon matrix.
B We assume that optimization of the regimes for both
1 growth of the InGaAs islands themselves and their capping
by silicon permits raising the luminescence intensity and
- opens the prospect for the possible employment of self-
organized arrays of InGaAs islands in Si as a base for a new
generation of silicon-based light-emitting devices.
- 2 In summary, we have investigated the influence of the
deposition conditions and the degree of lattice mismatch be-
tween the epitaxial layer and the substrate on the formation

PL intensity, arb. units

™ J of an array of InGaAs islands on (%00 during molecular-
beam epitaxy. An anomalous dependence of the critical
4 thickness corresponding to the onset of island growth on the
B degree of mismatch has been discovered; i.e., an increase in
1 ) 1 ] | | 1 | 1 L i . . . .
a7 0.8 0.9 7.0 17 1.2 the InAs mole fraction leads to an increase in the critical

thickness, in contrast with the case of the formation of
INnGaAs islands on GaA%00. There is a certain critical
FIG. 3. Photoluminescence spectra recorded at 77 K for structures witideposition temperature, above which the transition to island
lnXGai{Zg(s) isc'afds ig 3 f/:LmitT)DC';\AL of 'ZAS at_taddefﬁg?ﬁ temgefa' growth is not observed. Near the critical temperature, raising
cl:)rr(;[;)arison, trfe)s?rl)r;ctra of aostrrlftl:stu?gﬁ;h ae‘:\?vzl-Simznsiona(lclzr)l]As I(:yer ir;[he a'rs_enlc pressure accelera,tes |slapd for_matlon' Samples
a Si matrix(3.5 ML of InAs deposited at 400 90(3), as well as the Si Containing an array of InGaAs islands in a Si matrix display
substratg4), are shown. a line in the luminescence spectra with a wavelength in the
range 1.2—1.3m, which depends on the mole fraction of
INAs.

rate of InAs from a Si surface calculated according to the  This work was carried out with support from INTAS
thermodynamic model in Ref. 13. As is seen, when an InAgGrant No. 96-024Rand the Physics of Solid-State Nano-
growth rate equal to 0.3 ML/s is used in the experimentsstructures ProgrartProject 97-1090
re-evaporation can be significant at 460 °C and higher tem-
peratures, but at lower temperatures it has hardly any influ-
ence, and it apparently cannot be a decisive factor in the
increase irh. with increasing temperature. *)E-mail: zhukov@beam.ioffe.rssi.re
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The properties of porous silicon samples prepared by adding hydrochloric acid to the usual
hydrofluoric-acid electrolyte have been studied. These samples exhibit an intense
photoluminescence that does not degrade over time and is unaffected by exposure to intense
laser illumination. The peak photoluminescence from these layers of porous silicon occurs at
photon energies of 1.85-1.9 eV. The photoluminescence signal from samples prepared in

the standard way under the same initial conditions but without HCI in the composition of the
electrolyte is two orders of magnitude less intense. Studies of the degradation of these

porous silicon samples with time and exposure to various power levels of laser illumination
revealed that the samples with the maximum content of HCI in the electrolyte composition emitted
photoluminescence that was unaffected by laser illumination. In this work, the infrared

spectra of the samples was measured in order to monitor the chemical state of their surfaces. It
was found that the abrupt 100-fold increase in the intensity of the photoluminescence

signal from samples made according to the method proposed here is associated both with
distinctive features of the structure of porous silicon layers and with the presence of a thin
crystalline layer of Si@ on the surface of nanocrystallites. €999 American Institute

of Physics[S1063-7829)00902-3

Close attention is paid to ongoing studies of the properposure time and density of current that passes through the
ties of porous silicon. There are several reasons for this, theample during the electrochemical etching reactiolf.The
most important of which is the intense photoluminescence iposition and shape of the photoluminescence peak can be
emits in the visible region of the spectrdriThis property, changed by further processing the porous silicon in various
which is interesting for engineering applications, remainschemicat®!* or gaseouS media. Many authors have as-
without a comprehensive physical explanation even todagumed that the photoluminescence of porous silicon layers
(see Refs. 3 and)4 degrades either because of passive or active passivation of

Available data indicate that contributions to the photolu-the surfaces of nanocrystallites after preparatfolm some
minescence can come either from emission by silicon nanoa@ases this leads to a shift in the photoluminescence peak
rystallites (NC) that is shifted into the visible region by towards the blue end of the spectrdfmwhile sometimes,
quantum-well effectsor emission by adsorbates such as si-conversely, the shift is toward the red end and is accompa-
loxane SjOsHg, i.e., hydrates of silicofi,that form as the nied by decreasing photoluminescence intenéit€ases
porous silicon is grown or as it degrades. A third possiblehave been reported of ambiguous behavior of the photolumi-
contribution to the photoluminescence is emission from thenescence signal when samples of porous silicon are subjected
silicon/adsorbate interfaceBanerjeé has asserted that pho- to additional chemical processing.
toluminescence in the red region of the spectrum could be In this paper we describe the properties of porous silicon
connected with the existence of complexes, e.g., a localizestructures that do not degrade with time. We prepared these
hole plus an oxygen ion that is uninvolved in the formationporous silicon samples by changing the composition of the
of bridge bond$. Recently, discussions of the origin of this electrolyte, adding hydrochloric aci¢HCl) to its traditional
photoluminescence in porous silicon have been increasinglgomponents. The resulting porous silicon layers exhibit in-
more strongly focused on the nature and mechanisms of déense photoluminescence, almost two order of magnitude
gradation of porous silicon laye?s? The intense interest in higher than the signals from samples made on the same sub-
degradation phenomena is warranted by the possibility thadtrates by traditional methods, i.e., without adding HCI to the
porous silicon may eventually be used extensively in optoelectrolyte solution. We studied how the photoluminescence
electronics. Several authors have attempted to resolve quegroperties of these porous silicon structures degrade with
tions about degradation of porous silicon by varying the extime and exposure to laser illumination at various power lev-
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els. At the same time, we recorded the infrared spectra of the
samples, which allowed us to monitor the structure and prop-
erties of the state of the porous silicon surface.

1. SAMPLE PREPARATION AND EXPERIMENTAL METHOD

As starting material for obtaining porous silicon layers

we used single-crystal boron-doppebi (100) with resistiv-
ity p=1€-cm. The porous silicon samples were made by
electrolytic anodization. The current density passing through
the sample and the etch time were 30 mAfcamd 5 min,
respectively. The composition of the electrolyte used to ob-
tain sample 1 was standard, i.e., HFGHC,H;OH in the
ratios1:1:1. Theother samples were made with HCI in the
electrolytes, specifically 2, 10, 20, and 38 ml of HCI added to
100 ml of solution for samples 2, 3, 4, and 5, respectively.
The samples were then washed in a standard solution and
dried in a stream of dry air. The thickness of the porous
silicon layers, which was in the range 10—2én, was moni-
tored by electron and optical microscopy. The porosity of the
porous silicon, which was determined from gravimetric mea-
surement data, could be as large as 78%%. The micro-
structure and morphology of the surface of nanocrystallites
in the porous silicon was investigated by using a JEOL 840A
scanning electron microscope with the LINK element analy-
sis system. In the course of these investigations we recorded
the photoluminescence spectra and infrared optical SpeCtrgl.G' 1. Photoluminescence_ spectrum for samples of porous silicpp obtained
The spectral dependence of the photoluminescence was o t—Id:rig‘E’ti:q'elhzﬂomlum'nescen?e spectrum of saniple magnified a

, plesand 3 ten times. The spectra were recorded at a
tained by using a DFS-24 double monochromator with @aser wavelength of 488 nm. The laser optical power was 50 mW.
FEU-79 detector to record photoluminescence excited ini-
tially by a stabilized argon laser at wavelengths 457.9, 488,
and 514.5 nm. The laser power was varied from 0.5 to 104'um drops off sharply from sampleto sample5 by roughly
mW. The laser beam was focused into a spot with area 1.8 factor of 50, whereas the intensity of peakand 4 in-
mm?. The average scanning time was about 3 min. Opticaf'€ases by more than factor of 2 with increasing content of
spectra were recorded using a fast-scan IFS-1B3uker ) ] )
Fourier spectrometer in the wave number range 300—5000 It is easy to t_race a fine structure in the Iow-temp_erature
cm~1 with spectral resolution no worse than 0.5 cmWe (1.4 K) photoluminescence spectra of samfe, consist-

made some of the samples under study up to a year befof@d Of @ set of rather low-intensity peaks spaced from one
the investigations were carried out, and during that entirénother by 20-21 meV. Based on the distance between these

period we kept them in the open air under normal conditions,peaks we can estimate the diameter of the nanocrystalites

periodically recording their photoluminescence and infraredd @lSo their approximate shape, i.e., whether we are deal-
spectra in order to study their degradation with time. ing with collections of quantum wires or quantum dots. On
the basis of calculations given in Refs. 21 and 22 we con-

clude that the shape of the nanocrystallites in samplassd

2. INVESTIGATION OF POROUS SILICON 5 was close to cylindrical. In contrast, the structure of sample
PHOTOLUMINESCENCE 1 is spongy, consisting of a collection of quantum dots with
Rn average diameter of about 3.0 nm. The structures of the
forous silicon layer in samplesand3 are distinguished by
strong nonuniformity both in the size of the nanocrystallites
and their shape. This is the main reason for the appearance of

veral peaks in their PL spectra. Analysis of the low-

mperature PL spectra of similar samples was given in

PL intensity, arb.units

Figure 1 shows photoluminescence spectra of sampl
1-5 obtained at room temperature. The peak position an
intensity of the photoluminescence for samplieand 5 did
not change over the whole storage tirfl2 months. The
photoluminescence peak was located in the energy ran
1.85-1.9 eV. The shape of the spectral curves for sampl
2—4 could be reproduced by superimposing four GaussiafRef- 23-
curves. Figure 2 shows how the positions of the maxima of
these Gaussians changed with increasing HCI content in ties DEGRADATION OF POROUS SILICON SAMPLES UNDER
electrolyte. For samplg the shape of the photolumine:scenceTHE ACTION OF LASER RADIATION
peak is close to classical, i.e., Gaussian. Noteworthy is the Our studies of the degradation of the photoluminescence
fact that the contribution from the peak denoted iy’ “(the  signal as a function of the intensity of laser light incident on
long-wavelength peakio the total photoluminescence spec- the sample yielded the following results. The intensity of the
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FIG. 2. Dependence of the position of the maxima of Gaussian curveg g, 3. Dependence of the photoluminescence signal intensity of sample

(1—4) which were used to approximate the shape of the photoluminescencgy, the power incident on the sample from the laser. The wavelength of the

spectra in our samples on the concentration of HCI in the electrolyte. Ar-laser was 488 nm. The solid curve corresponds to data obtained at a
temperature of 295 K, the dashed curve at 1.4 K.

signal and shape of the photoluminescence peak for sanple
were unchanged after continuous laser illumination for atvhereas the long-wavelength portion of the photolumines-
least 1 hour at power levels of 0.5 to 100 mW. In the case otence peak of these samples was practically undisturbed. For
sample4, the intensity of the photoluminescence peak de-samplel the degradation was quite rapiith about 1 min.
creased exponentially with time, and the rate of change of In our view, it is natural to associate the change in the
the photoluminescence signal intensity increased with inphotoluminescence signal with time under exposure to laser
creasing laser power. Dependences of the photoluminescentight with thermal processes that occur in the illuminated
signal intensity for samplel on the incident laser power portion of the sample. If the layer of porous silicon consists
obtained at room temperature and liquid-helium temperaturenf a rather orderly structure that is oriented in some common
shown in Fig. 3, consist of nearly linear functions. For direction, then the heat transport in such a layer will be
sample2 and 3 similar results were obtained. The degrada-higher than in a layer with a random structure, consisting of
tion of the photoluminescence signal for samglever a  nanocrystallites surrounded by regions of silicon dioxide.
period of 60 min after the start of the experiment can be see@ur assertion that degradation of the photoluminescence sig-
in Fig. 4. nal is connected with thermal processes in the porous silicon
After each sample had been exposed to laser light folayer is confirmed by the fact that we observed no change in
1 hour, it was placed in darkness for another hour. We thetthe low-temperature photoluminescence spectrum for
took another photoluminescence spectrum at the same poisamplesl-5, despite the fact that the laser power and illu-
on the sample. It turned out that the intensity of the photo-mination times on the sample were respectively 100 mW and
luminescence signal from sampierecovered its original 60 min.
value. For sampl@ the situation turned out to be somewhat
more.com'ple>.<: it degraded rapidly under the action of the4_ ETIR SPECTROSCOPY OF POROUS SILICON SAMPLES
laser illumination, and we were unable to completely recover
its photoluminescence properties. For samgdlesnd 2 the Figure 5 shows absorption spectra for samples 1 to 5 in
degradation process was irreversible in character. As wehe wave number range from 2000 to 2400 ¢mit is clear
noted above, the photoluminescence spectrum had a complé&om the figure that strong absorption is taking place in
form. The process of degradation of the photoluminescencsamplel at bonds of the following types: SiK2090 cm'1),
in green and red regions of the spectrum took place differSiH, (2114cm!) and SiH (2140cm'l) (see Ref. 24
ently. The most significant changes in the shape of the phowhereas the absorption in the spectrum of sanfpie pri-
toluminescence peak took place on the high-energy sidemarily due to vibration of atoms at bonds of types SiH(O
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FIG. 4. Time dependence of the photoluminescence signal from sample . .
under the action of CW laser illumination at a power of 10 mW and a CENC€ measurements. At the same time, we should point out

wavelength of 488 nm. The photoluminescence spectra were recorded aftéhat this dependence of the absorption on HCI content is

storage of the sample. Storage time, minufes- 0,2 — 15,3 —25,4— _ nonmonotonic in character. A sharp increase in the absorp-

45,5 — 60. Curveb corresponds to a photoluminescence spectrum obtame(ii int ity i ti dt B

after an hour's exposure of the sample to laser radiation and subseque pn intensity 1S a_pparen n sampdlecompare 0 sam_p "

storage of the sample in the dark for 30 min. Moreover, there is nearly no evidence of an absorption band
due to SiH(SiQ) bonds in the optical spectra of samples
and 3. This can be understood if we postulate that the sur-

(2254cm 1) and SiH(SIQ) (2196 cm 1) (see Ref. 25 For  faces of nanocrystallites in samplksnd5 are covered by a
sample2-5 the absorption at SiH(§) bonds increases with ~ thin layer of stoichiometric Sig
increasing HCI content in the electrolyte. The infrared spec-  Figure 6 shows the spectral dependences of the absorp-

troscopy data correlate well with the results of photoluminestion coefficient for sample4-5 in the wave number range
(400-1300) cmt. The spectrum of samplg, represented

by a dashed curve, differs considerably from the spectra of
the other samples. The intense absorption band in the wave
\ number range (600670) cm ! corresponds to vibrations of

‘\ the Si-Si stretch(615cnit), Si—H, deformation (628

| A cm™ 1), Si—H deformation654 cm ), and Si—-H wagging
[

|

|

0.161 n

(668 cm 1) types?® The peak located at a frequency of 906
cm™ 1, corresponds tdscissoy vibrations at Si—H bonds?®

In contrast, the spectra of sampl&s5 exhibit virtually none

of these modes. In their place we see an intense absorption
band in the wave number range (1000—1210) &nit has a
complicated shape which can nevertheless be successfully
reproduced by superimposing four Gaussians with maxima
located at the following frequencies in ¢th 1067, 1119,
1164, and 1201. The results of fitting the absorption spectra
of sample 4 in this way are shown in Fig. 7. The second and
third of these peaks correspond to the asymmetric stretch
vibration mode of -O-Si?’ Based on the theoretical cal-
culations and experimental studies of Olsen and Shirffura,
we can explain the presence of the first peak as a manifesta-
tion of resonance with transverse optic@ld) phonons, and

the fourth peak as resonance with longitudinal opti¢aD}

FIG. 5. Infrared spectra of samplés5 obtained aflf =295 K. phonons, in silicon dioxide. Usually optical phonons in §iO
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| bonds present at the surface of nanocrystallites, those of
SiH(Gy), SIH(SIG,), and SiH(Q) types are the most stable
against laser light, whereas Sit$iO) and SiH(S}O) are not
stable. This conclusion agrees with the results of Chen
et al,*® with the sole difference that these complexes, which
occur at the surface of the nanocrystallites, were obtained by
those authors only after a lengthy procedure of thermal oxi-
dation at a temperatures in the range 400-500 °C.

1.0

Sample 4
T=295 K

oar Si-0-Si assymm.stret.

5. DISCUSSION OF THE RESULTS

=]
o>

The porous silicon layers obtained by us have a nonuni-
form structure which consists of a surface layer made up of
nanocrystallites with an average diameter of 1.9 to 2.1 nm
and an interface layer made up of either dendrites or spongy
material. The ratio of thicknesses of these layers changes as
the content of HCI in the electrolyte increases, favoring the
former. This also can explain the decrease in photolumines-
cence signal intensity under continuous laser illumination,
since the surface and inner sublayers of porous silicon have
different heat conductivities. This can lead to considerable
local heating of the sample, which then stimulates the pro-

l\ cess of photo-oxidation of Si—Si bonds. Moreover, the in-
i~ Y Ny crease in the temperature considerably increases the rate of
1250 1200 1150 1100 1050 1000 surface nonradiative recombination. Many autfibfshave
Wavenumbers, cm™’ suggested such a possibility in their papers. However, when
heat is transported efficiently away from the part of the po-
FIG. 7. Absorption spectrum of sample rous silicon sample heated by the laser, we can anticipate
that the properties of the porous silicon will be stable under
exposure to laser illumination. As we showed above, the
are inactive. However, in thin Siayers the selection rules porous silicon samples made with a maximum content of
allow theLO and TO modes to be active in Raman scatter- HCI (4 and5) have a structure that, according to our data,
ing and optical IR spectr®° The presence of these modes consists of elongated nanocrystallites oriented in a specified
in the spectra can be regarded as proof of the presence ofdirection. Our IR spectroscopy results show that the nanoc-
thin layer of stoichiometric Si@at the surface of the nanoc- rystallite surfaces in these samples are covered by a thin
rystallites. layer of stoichiometric Si@ The addition of hydrochloric

Graf et al®' assumed that this SiOlayer forms in acid to the ordinary hydrogen-fluoride electrolyte can signifi-
stages: an initial stage, involving the creation of Si—OH typecantly change the state of the silicon surface, and also the
bonds at the surface of the nanocrystallites, must precede thénetics of the chemical reactioli.The formation of a thin
formation of silicon dioxide. It should be noted that samplesSiO, layer leads to effective passivation and a considerable
2-5 exhibit an absorption peak accompanied by a shoulder atecrease in the number of dangling bonds, i.e., centers for
frequencies 803 and 850 crh respectively. This comes nonradiative recombination, at the surface of the nanocrys-
from vibrations of O—Si—Q(symmetric stretchtype in the tallites. In our view, this explains the change in the photolu-
thin layer of SiQ. Also noteworthy is an intense absorption minescence signal under the action of the laser light. Further-
band in the spectrum of sampleat a frequency of 950cit  more, we note that Si nanocrystallites separated by an
that is absent from the spectra of the other samples. It i;sulator emit more intense photoluminesceffce.
knowr? that when crystalline silicon oxidizes a thin, inter- The introduction of HCI into the electrolyte solution at
mediate layer of SiQforms. The peak located at this fre- various concentrations slows the process of electrochemical
gquency can be related to bridge-like vibrations ofetching of the silicon. We would like to create conditions
Si—O-Si(stretching type in just such a thin layer of nons- such that, on the one hand, effective etching of the silicon
toichiometric SiQ.%? The two peaks in the spectra of takes place in a specified direction, while, on the other hand,
samples2-5 at frequencies 460 and 870 which until  nothing hinders the formation of bonds of Si—O and Si—H
now have not been discussed, have intensities that increagge on the newly formed nanocrystallite surfaces. When the
with increasing HCI content in the electrolyte, and can beboundary region of the sample is immediately adjacent to the
associated with absorption at bonds o+8-Si (bending etch front, the porosity of the newly formed porous layer
and Q—Si—HOH) (stretching type? may be insufficient, which then can prevent a surface layer

In the previous section we have indicated that samghles of stoichiometric Si@ from forming, because there are sim-
and5 degrade the least under the action of laser illuminationply not enough of the required number of oxygen atoms in
Based on infrared data we can conclude that of the variouthat region of the sample at that instant of etching. In short,

Absorbance, a.u.

S
<

0.2

0.0
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The conductivity of nanocrystalline Pt-, Pd-, and Ni-doped tin dioxide films on insulating SiO
substrates is investigated in the temperature range 77—400 K. Doping allows variation of

the resistance from fao 10°Q). It is established that, in contrast with a Au/single-crystal SnO
contact, the gold contacts for the nanocrystalline material are ohmic in the entire temperature
range and their contribution to the conductance of all the structures investigated does not exceed
5%. © 1999 American Institute of Physid$S$1063-782809)01002-9

Nanocrystalline tin dioxide film are used to create sensiradiation. The presence of only one phase of St@ssiter-
tive elements for resistive-type gas sensors. In structurege) was detected for all the films investigated. No phases
W|th a high-reSiStiVity Sensitive element |t iS fa|r|y d|ﬁ|CU|t to Containing impurities Of the metais introduced were found_
separate the possible effects of the Si substrate and the go{this can be associated either with the insignificant content of
contact on the chf\racter of the temperature dependence pfi, rities introduced or with the small size of the crystallites
the conductanc&* Investigations of a gold contact on formed by impurities in the phassTable | presents the

single-7crys_tgll tin dioxide with an electron concentration gt of a calculation of the mean grain diameter of the
n~10"cm " showed that the contact is nonohmic and that it nG, crystallites from widths of the x-ray diffraction reflec-

s pharacterized by the appearance of a Schqttk_y barri_er Yons using the Debye—Scherrer formula. The mean diameter
heightog~0.55 meV® This value essentially coincides with of the SnQ grains does not vary upon the introduction of

the half-width of the silicon band gap. Therefore, it cannot.

it ithi 1 i ()
be ruled out that the activation of conduction with an energyImpurltles to. within th?. estlmatlon. accuracy (105 @'
The elemental composition of the films was determined by

E.~0.5 meV, which has been observed, for example, for . o
structures with a Sng)Cu) sensitive element on a silicon local x-ray qnalys@CAMECA S>.<50)' The gompgsmon and
characteristics of the films obtained are listed in Table I.

substrate with an insulating SjGublayert™ can be deter- X )
The films obtained by us had a rectangular shape and

mined by either the substrate or the contacts. : , .
In the present work we investigated structures in whichStandard dimensions equal t«Z mm. Gold contacts in the

polished SiQ served as the substrate. Nanocrystalline Pt-form of four strips of width 0.5 mm were deposited through
Pd-, and Ni-doped Sngfilms were obtained by pyrolysis of special stainless-steel masks in two stages. A thin strip of
an aerosol of the corresponding metalorganic compounds &eld with a thickness of the order of 20 nm was initially
520°C. The synthesis method was described in detail ifleposited by reactive sputtering. The thickness of the contact
Refs. 6 and 7. The deposition time for all the fims waslayer was then increased to 1xn by thermal sputtering.
constant and amounted te10 min. The film thickness was The layout of the contacts on a film is shown schematically
determined on cleavage surfaces in a Jeol JSM-35 scanniriig the inset in Fig. 1.

electron microscope and was equal+dum. The micro- The introduction of dopants led to significant variation
structure and phase composition were studied by x-ray difof the resistance of the films in the range from*@0for
fraction analysis on a Siemens diffractometer usindCu undoped film1 to more than 100 for film 5, which was

TABLE I. Characteristics of the test samples.

Impurity content Impurity content Mean grain R, O Ea,
Film in the solution, at. % in the film, at. % diameter, nm T=273 K meV
1 9 7.2<10° -
2 3% Pd 0.7 7 X1 100
3 3% Pt 0.5 8 6.410 130
4 5.8% Ni 0.3 9 1.X10° 60
5 3% Pd, 2.9% Ni 0.6% Pd<0.1%Ni 9 1.%10° 210

1063-7826/99/33(2)/2/$15.00 175 © 1999 American Institute of Physics
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FIG. 1. Temperature dependence of the resist&hekthe test samples. The

numbers next to the curves correspond to the numbers of the samples in

Table I. Inset — schematic representation of the structures investigated: . . . . . . o
1-4 — gold contacts5 — SiO, substrate — Sn0, film. formation of intercrystallite barriers. Since the films exhibit

n-type conduction, the possible acceptor activity of the im-
purities introduced could lead only to partial compensation
of the donor activity of the oxygen vacancies. It is known

doped with Ni and Pd. The temperature dependence of th at the lonization energy of the oxygen vacancy level in

T 5
resistanceR was measured at a stabilized voltade<10 V no, IIS . 130'mevc.i Ho.vve\'/er,hthe vall;e 0'2% forzirg)e Vv
in the temperature range %M <400 K. The current-voltage samples investigated varies in the range from 60 to mev.

characteristics were linear in the range indicated above. Figt"d It is close to 130 meV only in the platinum-doped
ure 1 presents plots of the temperature dependeneott sample. Nevertheless, compensation can have an effect on
tained in measurements with contacts separated by a distan_@ée height of the intercrystallite barrier because of the change

of 1 mm. The plots of the temperature dependence of thih the_ position of_th_e Fermi Ievel_. On th_e other hand, the
resistance in lo-vs-100T coordinates for films2 and 5, |mpur|ty can be d!stnbuted nonunlf_ormly in the bulk and at
which have the highest resistivity, are line@ig. 1). The the grain bounc}anes and can thus influence the magnitude of
values of the activation enerdy, calculated from the rela- the ba_nd bending on the Interfa_ces. _
tion R~exp(E,/kT) are presented in Table I. The activation ' hiS work was performed with partial support by Grant
energies listed in Table | for film8 and 4 were estimated 96-15-96500 from the Russian Fund for Fundamental Re-
from the slope of the high-temperature portions of theSearch.
log R-vs-100T curves.

The contact resistances were determined using the
method proposed by Reeves and Harrfs@he transmission
line model or TLM. The TLM method reduces to measuring
the resistance from several pairs of contacts which hav&E-mail: mila@mig.phys.msu.su; Fax:(7)-(095-932-8876
identical areas, but are separated by different distances. Simi-
lar series of measurements were performed for all the
samples indicated in Table I. It was found that the contact
resistances do not exceed 5% of the resistance of the film
itself, regardless of its original characteristics. For compari-l"B"-C’\r‘]-er’fe‘i/?gagf;‘ﬁ' Lg-be'\g-u Gl\?;ﬁfrvvs';i- :én';yggg\(/fégg P. Senateur,
son,_Flg. 2 pre_sents plots of t_he temperature dependerﬁe_ of ZM. N. Rumya’ntseva, M. Labe:elu, G. Delabougl}se, L. Ryabova, I. Kutse-
for film 5, which were obtained from measurements with nok, and A. Gaskov, J. Toxicol. Environ. Health 1785 (1997).
different pairs of contacticurvel — contactsl and4, curve 3B. A. Akimov, A. V. Albul, A. M. Gas’kov, V. Yu. Ilin, M. Labeau,
2 — contacts? and 3; see the inset in the Fig)1Thus, the ~ M. N. Rumyantseva, and L. I. Ryabova, Fiz. Tekh. PoluprovinA00
contact resistances neither contribute significantly to the4§99A7) ;i?ﬂé%onguc&orilégig\f19,\37){'abeau M. M. Osipova, M. N
value of the conductance nor affect the temperature depen'Rumyantseva,y and L. I. RyabO\;a, Vestn. Mosk. Univ., Ser. 3: Fiz. Astron.
dence ofR. This behavior can be attributed to features of the 5, 60(1996.
microstructure of the films. It has not been ruled out thatZF-S-gontS;ad a”"ij-LH-bRedikg' > IAIZIO'- F;m- 29315)1937])5 o s
transition layers with a thickness comparable to the thickness Acniatoéri: Birs()-nis, 3;57?1383’_ - Delabouglise, and U, schmatz, Sens.
of the depletion layer form and that the contacts do not have'm. Labeau, B. Gautheron, F. Cellier, M. Vallet-Regi, E. Garcia, and
cutoff properties when the film and contact fabrication tech- Gonzalez Calbet, J. Solid State Chetf2, 434 (1993.
nologies considered here are used. 8G. K. Reeves and H. B. Harrison, IEEE Trans. Electron Device 15tt.

The activation character of the dependence of the resis- 111 (1982-

tance of the doped films investigated is probably due to tha@ranslated by P. Shelnitz
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Influence of the substrate temperature and annealing on the 1.54- pm erbium
photoluminescence of &a-Si:H films obtained using a glow discharge
E. I. Terukov, O. I. Kon’kov, V. Kh. Kudoyarova, and O. B. Gusev

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

G. Weiser and H. Kuehne

Philipps Universita&-Marburg, D-35032 Marburg, Germany
(Submitted July 13, 1998; accepted for publication July 28, 1998
Fiz. Tekh. Poluprovodr33, 208—210(February 1999

Effective Er photoluminescence is observed at room temperatuaesirH films doped with Er

atoms through a gas phase using powderd@MND); as a source of Er ions. It is

shown that the conditions for deposition of the films and their subsequent annealing influence the
photoluminescence intensity and its temperature dependence. The observed behavior is
attributed to restructuring of the amorphous silicon matrix within an Auger excitation mechanism
involving defects. ©1999 American Institute of Physids$51063-78209)01102-3

Erbium-doped silicona-Si:H(Er), is of great interest in  changes in the CHand CH, modes and the vibrations of
connection with the prospect of creating light-emitting di- C—C bonds, which, however, does not influence the distribu-
odes which are based on silicon electronics and which opettion of the Er and O concentrations across the film thickness.
ate at a wavelength of 1.54m, which corresponds to the Figure 1 presents the PL spectraass8i:H(Er) films ob-
minimum of the absorption band of an optical fiber. tained with different substrate temperatures. The spectra

We recently reported the observation of the effectivewere recorded af=77 K in an energy range which includes
room-temperature photoluminescence of erbium ions irall the possible radiative transitions in the films. As can be
a-Si:H films obtained in a glow discharge using powderedseen from the figure, Er photoluminescence is observed in
Er(TMND); as a source of Er ionisThe photoluminescence the films at 0.805 eV, regardless of the substrate temperature.
(PL) intensity of the samples obtained was comparable infThe Er PL intensity differed to a slight extent and was 1.5
value to the Er PL intensity of tha-Si:H(Er) samples with times greater in the samples prepared with a substrate tem-
optimized erbium and oxygen concentrations that we previperature equal to 200°C. A significant difference was ob-
ously obtained by dc silane decomposition in a magneti¢erved in the behavior of the PL associated with radiative
field 2 recombination of the matrix. For example, the samples ob-

This paper reports the influence of the substrate temperéained with the substrate at room temperature are character-
ture and high-temperature annealing on the Er PL ofzed by a broad PL maximum in the vicinity of 0.95 eV,
a-Si:H(Er) films obtained in a glow discharge using pow-
dered E€TMND); as a source of Er ions. The annealing was
performed in a vacuum with a residual pressére 10 6 25
Torr in the range from room temperature to 500 °C for 1 h.
The changes in the film structure during the annealing were
investigated by Raman and infrar€dR) spectroscopy. The
PL spectra were recorded with excitation by an argon laser at
the wavelengtih =514 nm. The excitation power was 20
mW. The PL detection system included a double grating
monochromator and a cooled germanium photodetector. The
composition of the films, i.e., the Er and O concentrations
and the distribution profiles of these elements across the film
thickness, was investigated using Rutherford backscattering
with irradiation of the films by accelerated particles with
an energy of 3.17 MeV. According to these data, Er and O
were distributed uniformly across the sample thickness, and .
their concentrations were 2d10%° and 1.4<10%%cm 2 in
the test samples. Energy, eV

Accordlng. to the_ IR-spectroscopic data, annealing th%IG. 1. PL spectra o&-Si:H(Er) films obtained with substrate temperatures
samples obtained with the substrate at room temperatur&qual to 2001) and 20 °C(2). The spectra have been normalized to the Er
leads to alteration of the local structure accompanied byL maximum at 0.805 eV.

—
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FIG. 4. Influence of the annealing temperatiitg, on the Er PL intensity
FIG. 2. PL spectrum of am-Si:H(Er) sample obtained with a substrate for a sample obtained at 20 °C.
temperature equal to 200 °C. Measurement temperatuke 1 — 77,2 —
130,3 — 190,4 — 250,5 — 310.

a result, at room temperature the PL intensity of the sample

prepared with the substrate at room temperature becomes
which is characteristic of PL associated with defects. Théhigher than the PL intensity of the sample prepared with a
samples obtained with a substrate temperature equal tubstrate temperature equal to 200 °C. This finding, in our
200°C have a PL maximum near 1.25 eV, which is associview, is attributable to the influence of the local environment
ated with intrinsic radiative recombination from the density-of the Er atom on the process under consideration. It is
of-states tails of the conduction band and the valence Bandknown that the local environment has a significant influence
The “defect” peak at 0.95 eV is barely noticeable. The seton the lifetime of the excited state of the Er atom and makes
of lines in the PL spectra near 0.9 eV is associated with th@ contribution to the mechanism of thermal Er PL quenching.
influence of the atmosphere. As we have already notédthe samples obtained with the

The temperature dependence of the PL spectra of substrate at room temperature have a polymer-like structure
sample obtained with a substrate temperature equal to 200 °€bntaining both a C—H bond and an O—H group in the local
is shown in Fig. 2. As the temperature is raised, we see @nvironment of the Er atom. In the opinion of Sloeffal.,*
sharp decrease in the intensity of the intrinsic PL band. Athe latter determine the mechanism of thermal quenching in
T>100 K the band associated with a radiative transitionorganic polymers.
through defects into the middle of the band gap is the domi-  The influence of thermal annealing on the Er PL inten-
nant feature in the spectra. sity measured at room temperature is shown in Fig. 4. The

Figure 3 are plots of the temperature dependence of thmost significant change in the Er PL was observed on
Er PL intensity for samples obtained with different substratesamples obtained with the substrate at room temperature.
temperatures. When the substrate temperature is increasefhnealing these samples &f,~300°C led to an almost
enhancement of the thermal Er PL quenching is observed. A80-fold increase in the Er PL intensity, which can be attrib-

uted to restructuring of the films. According to the IR-

spectroscopic data, annealing in this temperature range leads

300 200 150 100 T, K to a decrease in the intensities of the £&hd CH modes

and to the disappearance of bands corresponding to C-C
bonds! These changes have essentially no influence on the
temperature dependence of the Er PL intensity. This is evi-
dence of the insignificant influence of the local environment
on the radiative lifetime, but, on the other hand, it points to
an increase in the concentration of optically active Er ions
during such restructuring.

Annealing the samples &t,,;>300°C leads to a de-
crease in the Er PL intensity, which is associated, in our
view, with further restructuring of the films. When the an-
nealing temperature is raised, the effusion of hydrogen from
the films is observed, and variation of the gap width occurs.

1000/T, K In all likelihood, this alters the conditions for the pumping of
FIG. 3. Temperature dependence of the Er PL intensityad@iHEn = P ina-Si:H films, which, according to our interpretation,
samples obtained with substrate temperatures equal to(120and  takes place as a result of an Auger process associated with
200°C(2). the trapping of an electron from the conduction band by a

Intensity, arb. units

0.01
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defect in theD? state with the formation of ® ~ state(the  electroluminescent structures based on amorphous layers
D%+e—D" electronic transition® Energy is subsequently within this method.
imparted as a result of the Coulomb interaction to the system We wish to thank the Ministry of Science of Russia
of f electrons in the erbium ions, in which the5,—*113,  (Project 97-103f the Russian Fund for Fundamental Re-
transition takes place. This process has a resonance characsearch(Grant 96-02-16931)aand the EC INCO-Copernicus
in a-Si:H due to the closeness of the energies of these tw¢Grants 977048 and PL9781)0fr their financial support of
electronic transitions, and its efficiency decreases with dethis work.
creasing gap width.

A similar dependence of the Er PL intensity on anneal-
ing temperature was also observed on #8i:H films ob- E. I. Terukov, O. I. Kon'kov, V. Kh. Kudoyarova, O. B. Gusev, and
tained with a substrate temperature of 200 °C, except that theG. Weiser, Fiz. Tekh. Poluprovod82, 987 (1998 [Semiconductor$2,
obse_rved changes were less pronounced. At the optimqm aq_ls\gﬂs.éls(flg?gs]ller, O. B. Gusev, V. Kh. Kudoyarova, A. N. Kuznetsov, P. E.
nealing temperature of 300 °C the observed increase in thepak £ | Terukov, I. N. Yassievich, B. P. Zakharchenya, W. Fuhs, and
Er PL was only 1.5-fold. The latter is evidence that the struc- A. Sturm, Appl. Phys. Lett67, 3599(1995.
ture Of these f||mS iS more perfect|y formed and does n0t3R. A. Street,Hydrogenated Amorphous Slllcpﬁ:ambndge University

L . . Press, Cambridgé1991).
contain a polymeric component, which would be more prones \siiof A, %éélm;)n M. P. Oude Wolbers, F. C. J. M. van Veggel

to restructuring during annealing. D. N. Reinhoudt, and J. W. Hofstraat, J. Appl. Ph§8, 497 (1998.
Thus, the doping 0&-Si:H films with Er atoms during  5W. Fuhs, 1. Ulber, G. Weiser, M. S. Bresler, O. B. Gusev, V. Kh. Kudo-

plasma deposition using powderec{EMND)3 as an erbium yarova, A. N. Kuznetsov, E. |. Terukov, and I. N. Yassievich, Phys. Rev.
. . . . B 56, 9545(1997).

source is an effective method for preparing photoluminescent

films emitting at 1.54um. Thus, we can hope to fabricate Translated by P. Shelnitz
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SEMICONDUCTOR STRUCTURES, INTERFACES AND SURFACES

Transport properties and photosensitivity of metal/porous-silicon/ c-Si structures
D. G. Yarkin

Institute of Rare Metals, 109017 Moscow, Russia
(Submitted May 28, 1997; accepted for publication September 15,)1998
Fiz. Tekh. Poluprovodn33, 211-214(February 1999

The current-voltage characteristics, photosensitivity, and impedangé¢ypk Al/porous-silicon/

¢-Si structures with 0.2 to @em-thick porous layers of 80% porosity are studied. It is

shown that at reverse and small forward bias voltages the current is determined by the potential
barrier of thec-Si substrate at the isotypic porous-silicoi8i heterojunction. The

photosensitivity is determined by the absorption of light in ¢k®i substrate. The potential

barrier of the metal/porous-silicon contact does not influence the photosensitivity or the current-
voltage characteristics of the structures. The experimental plots of the dependence of the
impedance on applied forward bias, thickness of porous silicon layer, and frequency agree well
with the theoretical dependences, if an equivalent circuit includingRW@ocircuits

connected in series and comprised of the resistance and geometric capacitance of the porous
silicon layer and the resistance and capacitance of the potential barrier@Sitsubstrate is used.

© 1999 American Institute of PhysidsS1063-782809)01202-9

As soon as photoluminescence with an efficiency of sev43 mA/cnf. The aluminum contacts deposited on a porous
eral percent at room temperature was discovered in layers @flicon layer with a total areA= 65 mn? consisted of a con-
porous silicon(PS), this material became an object of inten- tact section with an area of 3.8 rrta thick layer of A) and
sive research. Considerable progress has been made in regardemitransparent contact with an area of 2.7°n{60%
to the parameters of electroluminescent structtiiest the  transmissioh for the photoelectric measurements. The mea-
electroluminescence efficiency is still low. The investigationsurements were performed two weeks after fabrication of the
of the properties of device structures is also being continuedstructures, when their characteristics became stable with
Studies of the photosensitivity of metal/RSBi structures time.
have shown that the photosensitivity is caused by the poten- It was found from measurements of the optical transmis-
tial barrier at the P$/Si heterointerfacé™® It was con-  sion spectra of a PS layer onceSi substrate in the infrared
cluded from an analysis of current-voltage characteristicsange that the refractive index of the PS layenjg=1.35.
(IVC’s) in Refs. 5 and 6 that metal/RSSi structures can be This value ofn,; corresponds to 80% porosity if the material
represented as the following two elements connected in seonsists only ot-Si and air. The presence of other ato{@s
ries: the metal/PS contact barrier and the resistance of the R§ in the skin layer of the nanocrystallites can be disre-
layer. On the other hand, it was shown in Refs. 7 and 8 thagarded, since the secondary-ion mass-spectrometric measure-
metal/PSZ-Si structures can be represented as the followingnents performed after two weeks of storage in air gave val-
elements connected in series: the resistance of the PS layaes for the oxygen and carbon concentrations of the order of
and the potential barrier in theSi layer at the P$Si het-  1.5x10%°cm ™3,
erointerface. Thus, the role of the metal/PS contact in the Figure 1 shows the current-voltagle-V) characteristics
transport properties of metal/RS&i structures is still not of AI/PS/c-Si structures with 2 and 0.2m-thick PS layers,
entirely clear. which were measured in the dark and upon exposure to light

In this paper we present the results of measurements dfom an incandescent lamp at an intensity of 1 mW/cm
the impedance and photosensitivity of metalRSi struc-  Connecting thes-Si substrate to the positive terminal of the
tures with a high-porosity PS layer. These results confirmpower source corresponds to a positive bias. It can be seen
that the potential barrier of the metal/PS contact has no effe¢hat the dark |-V characteristics of structures with PS layers
on the photosensitivity or the 1-V characteristics of theof different thicknesses are very close to one another. This
structures. means that the reverse current does not depend on the thick-

Al/PS[c-Si structures were fabricated @nSi(111) sub- ness of the PS layer and that it is determined by the Al/PS
strates ofp-type conduction (10)-cm) with a rear alumi- barrier or the PSSi heterojunction. The forward current at
num ohmic contact. Layers of porous silicon of thickndss a bias of several volts for the structure with uBa PS layer
=0.2—-6um were obtained by anodic etching of the sub-is only 1.5 times smaller than the forward current for the
strates in an HE8%):C,H;OH=3:5 solution over the structure with a 0.2+m PS layer. This indicates that the
course of 20—600 s at an anodic current density equal tourrent at a large forward bias is probably restricted by the

1063-7826/99/33(2)/4/$15.00 180 © 1999 American Institute of Physics



Semiconductors 33 (2), February 1999 D. G. Yarkin 181

-2

10

d, pm

FIG. 1. Current-voltage characteristics of Al/RSi structures with Zxm FIG. 2. Dependence of the capacitan€g of Al/PS/c-Si structures on

(1,2) and 0.2um (3, 4) thick PS layers measured in the datik3) and with the thicknessl of the PS layer. Calculated plots 6f(d) for the geometric

illumination (2, 4) by an incandescent lamp. capacitance of the PS layét), the barrier capacitance of theSi sub-
strate(2), and the capacitance corresponding to these elements connected in
series(3).

resistance of the metal/PS resistance, rather than by the re-
sistance of the PS layer. It has been shown in several studigsjualsRs+ 1/ioCs. When the frequency of the ac signal
that the forward current in metal/RS8i structures is a Wwas high,Cs did not depend on frequency. In such a c@ge
space-charge-limited currehiThis is evidenced by the de- is probably determined by the barrier capacitance ofctse
pendence of the current on the thickness of the PS layegubstrateCg; and the capacitance of the PS lagkss, which
which is close tol «1/d*. We also obtained such a depen- are connected in series:
dence for structures with a thickness of the PS layer equal to CpCs:
2—6um. ST

It can be seen from Fig. 1 that the photocurrent in the CpstCsi
Al/PS[c-Si structure with a Zem PS layer is roughly an The experimentally measured dependencesCgfon the
order of magnitude smaller than the photocurrent in thehickness of the PS layer and on applied constant reverse
structure with a 0.2¢em PS layer. It was also found that the bias confirm this hypothesis.
photocurrent increases rapidly with temperature. The reason Figure 2 shows the dependence of the capacitance of the
for this increase is the restriction of the photocurrent by theAl/PS/c-Si structures on the thickness of the porous layer
high series resistance of the PS laf#is question was ex- measured at a constant reverse bias equal2dv and an ac
amined in greater detail in Ref.).7This is confirmed by frequency equal to T0Hz. The figure also shows the calcu-
measuring the illumination-vs-current curves of Al/BSi  lated values ofCpg, Cgi, andCg. It was assumed in the
structures of different thicknesses. At the light intensity usectalculations that
by us the open-circuit voltagé,. is equal to 0.2—0.25 V for

Agpgo

all the structures. Cpe=—2)

The form of the photosensitivity spectra of all the Al/PS/ d
c-Si structures investigated with 80% porosity and the Al/ eegeoN, |12
c-Si structure was identical. In the case of a less porous PS Cg=A m} ,
layer, the short-wavelength photosensitivity cutoff shifted to- b
ward longer wavelengths. This confirms the results in Refswhereepgandeg; are the dielectric constants of PS an8i,
2-4 and provides evidence that the photogenerated carriergspectively,eq is the permittivity of free space\, is the
are separated in the space-charge region ort4Bieside of  concentration of acceptors in the substrate, afgdis the
the PS¢-Si heterojunction. The absence of a photocurrenband bending. The following values were useg@s=1.82
caused by the barrier at the Al/PS interface, however, is noteps=nZ), e5=12,N,=1.5x10"°cm 3, V,=V,=0.25 V,
enough to prove that this barrier is absent or small. Proof thaandV= —2 V. Good agreement between the calculated and
this barrier is small was obtained from the impedance meaexperimental plots o€(d) can be seen from the figure.
surements. Figure 3 shows plots of the dependence (ﬁ@bn con-

The capacitanc€g and the resistancBg of the AI/PS/  stant bias for structures with 2- and Qu2n-thick PS layers,
c-Si structures were investigated in the frequency rangavhich were measured at an ac frequency equal tbHA
w=10-106 Hz. The measurements were performed using aThe figure also shows calculated plots oCﬁﬂV). Good
equivalent circuit with elements connected in series, i.e., iagreement between the calculated and experimental plots can
was assumed that the complex resistance of the structule seen from Fig. 3. This is especially important, if it is taken
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FIG. 3. Experimental and calculated dependences ©f bh the constant  F|G. 4. Dependence of the ac resistaiegon the capacitanc€g derived

biasV for AlI/PS/c-Si structures with 24m (1, 2) and 0.2um (3, 4) thick PS  from the frequency dependences for an AIfRSI structure with a 0.2-

layers. pm-thick PS layer. The extrapolated valuesRys, Cps, Rgj, andCg; are
also shown. Inset — equivalent circuit of an Al/BSBi structure under
reverse and zero bias.

into account that no fitting parameters were actually used to

construct the calculated plots. All the quantities appearing in
the formulas were determined experimentally. Since it was

assumed in constructing each calculated plot t.hat t'he COTLt the resistance of the PS layRps and the resistance of the
stant reverse voltage falls entirely on the heterojunction bar; _ . ;
. . barrier of thec-Si substratdrg;, as well alpsandCg;. The
rier, the agreement between theory and experiment allows us " -
. . . results of our measurements show that the conditions indi-

to conclude that the reverse-bias current is restricted by the : . : :
; . ; . . cated above hold in the samples investigated at zero bias
resistance of that barrier. This provides evidence that the . ;
when the frequency is varied from 4@ 10 Hz.

height of the potentllal barrier of the.metaIIIIDS contact is far Figure 4 shows the dependenc on 1Cs for struc-
smaller than the height of the potential barrier at thecPS/ . . eRy

. . . res with a 0.2am-thick porous layer measured at zero
heterojunction. Apparently, as in the general case of a met

semiconductor contac?,the height of the metal/PS barrier is frI:ri tﬁgemee?sir::] de?/zlugggssa%r:j g‘eaiu\gﬁzuvﬁi ?jbetr?jned
determined by an interface state. As for the®Si barrier, S q

) . . ; . %ies. It can be seen from Fig. 4 that the dependené®;ahn
its presence is evidently caused by the high concentration Y/cq consists of two nearly linear segments with different
defects at the heterojunctidrin fact, according to theoreti- S

. . slopes. Extrapolation of these segments to the respective
cal calculations made under the assumption of the absence 0 . . . .

. . . axes and the point of intersection of the extrapolation curves
defects, there should be a carrier-enriched region, rather than

a potential barrier, at the RSSi heterojunctiorf. give the values oPps, Cps, Rs;, andCs;. The values Ob'_
. tained for the structure with a 02m-thick PS layer are:
At low frequencies the value o€s depends on fre-

quency. This can be understood by examining the equivalenI%F’S:A"9>< 10°Q, Cps=690 pF,R5=2.7x10°Q, and s,

circuit of an Al/PS¢-Si structure in Fig. 4. According to Ref. — 710 pF. For Fhe structure with a/2m—th|gk ES_Ia_yer(nqt
11, the impedance of such a circuit is specified by the ex§hown in the figurkthe second s_egment is indistinct, since
' Cg>Cps. Therefore, we determined only the parameters of

pressions the PS layerRps=4.7x 10° Q) andCps=52 pF. The results
T Ty obtained show that the resistance of the porous layer depends
Rs=Rsit+ RPS_(C_51+ C_sz) almost linearly on its thickness. The resistivity of PSpis
=RpLps/epso=2X10° Q-cm. It is noteworthy that the
i _ i n i resistivity of PS itself can depend on frequency, but the value
Cs Cq Csg’ of p that we obtained agrees well with the values of the
2 resistivity of highly porous layers obtained from measure-
i: L ments of thick structuresd>10um), in which there is no
Cs1 CSi[1+(an-1)2]' rectification of the current and the |-V characteristic is
) linear®?
i: & Thus, these investigations of the |-V characteristic, the
Cs2 Cpdl+(wry)?] photosensitivity, and the impedance pfype metal/PS/-Si

structures have shown that at reverse and small forward

11=RsCsi;  72=RpLps:. biases the dark current is determined by the potential barrier
Measurements oRg and Cg in the frequency range from of the ¢c-Si substrate at the isotypic heterojunction. The pho-
wn<l, 01,<1 to wm>1, w7,>1 permit determination tosensitivity is determined by the absorption of light in the
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Gain in injection lasers based on self-organized quantum dots

A. R. Kovsh, A. E. Zhukov, A. Yu. Egorov, V. M. Ustinov, N. N. Ledentsov,
M. V. Maksimov, A. F. Tsatsul'nikov, and P. S. Kop’ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Fiz. Tekh. Poluprovodr33, 215-223(February 1999

The analytical form of the dependence of the gain on pump current density for lasers with an
active region based on self-organized quantum dots is derived in a simple theoretical

model. The proposed model is shown to faithfully describe experimental data obtained for laser
diodes based on InGaAs quantum dots in an AlGaAs/GaAs matrix, as well as InAs

guantum dots in an InGaAs/InP matrix. The previously observed gain saturation and switching of
the lasing from the ground state to an excited state of the quantum dots are studied. The
influence of the density of quantum-dot arrays on the threshold characteristics of lasers based on
them is examined on the basis of this model. 1899 American Institute of Physics.
[S1063-782609)01302-2

1. INTRODUCTION Most practical applications require relatively high
o . (>50%) values of yp and thus call for the use of either
One of the principal parameters determining the POSSizomparatively short diodegwvith L<1 mm) or a special
bility of the practical employment of a semiconductor laser is,4yequide design that ensures small internal losses, which is
the threshold current densid,. The use of quantum wells ¢4y difficult to achieve’ As was previously shown, a de-
(QW's) as active regions has led to the creation of laseteage in the cavity length of lasers with a QD active region
diodes having a significantly lower value 6f, than tradi- o545 to a superlinear increase in the threshold current den-
tional _double _hete_rostructure lasérshe _Iowenn_g ofdy, is sity, attesting to gain saturatié. Thus, the problem of
associated primarily with the decrease in the size of the gaigyercoming gain saturation is crucial to the practical appli-
medium, where an inverted population must be maintained;a¢ion of QD lasers. Its solution requires an understanding of
It is expected that further lowering ak, can be achieved \hich parameters of a system with QD's are most significant
when 2, quantum-dotQD) array serves as the active ng getermination of the experimentally observed character
region”~" The rapid progress made in the study of the self-y¢ o dependence of the gain on pump current density.
organization of surfaces has led to the creation of arrays of Complete theoretical simulation of this dependence is a
self-organized QD’s and to the realization of continuous lasiymidable task, which requires a large number of math-
ing on the ground state of the QD's in lasers based on themyatical calculations and sometimes knowledge of experi-
with Jy, of the order of 60-100 A/cf(Ref. 5 at room mentally inaccessible parameters, and such a situation usu-
temperature, which is already comparable to the lowest reé”y leads to some discrepancy between theory and
corded values for QW lasefs. experiment® One of the first attempts to relate experimen-

The low values ofly, indicated above were attained ei- (5))y determined values of the gain in QD lasers to the energy
ther for stripe diodes with large cavity lengthsX 1 mm) or 54 emission characteristics of an ensemble of QD’s was

for laser diodes in a geometry with four cleavage faf®s \nqertaken in Ref. 11, but the dependence of the gain on
structure with an annular modé {~=)], i.e., for structures ;5 current density was not obtained in analytical form. In

with small radiation-extraction losses. However, these diodeg ot 12 g phenomenological equation was proposed for de-
are characterized, in principle, by a low differential effi- o.riping experimental data. Its use permits, in particular, pre-

ciency, 7o - diction of the dependence of the threshold characteristics of
o actually existing lasers on the density of the QD array.
o= 1 ——. (1) In this paper we develop a simple model, which de-
amt scribes the threshold characteristics of a laser based on a QD

array in analytical form, from the first principles of laser
gain. The theoretical model is compared with experiment
using experimental data obtained for laser diodes based on
two different systems with QD’s{In, GaAs QD’s in an

Here «; denotes the internal losses, is the internal quan-
tum efficiency, andv,, denotes the losses at mirrors, which
are, in turn, related to the cavity length)( by the standard

equation :
d (AlGa)As/GaAs host and InAs QD’s in an InGaAs/InP host.
1 1
amztln(§> , (2) 2. THEORY
Figure 1 shows schematically the dependences of the
whereR is the reflectivity of the mirrors. gain on pump current density for a double heterostructtrre,

1063-7826/99/33(2)/8/$15.00 184 © 1999 American Institute of Physics
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JQD:C]_Xfo, (8)

gop=C2X(2fp—1), 9

whereC, , are constants. Now, solving this system of equa-
tions and introducing the notation

transparenc sat C
i =%, (10
R an
é Co=g°* (11)

we obtain the following expression, which relates the modal
gain (Qgp) to the recombination current densitydp) on
states of an array of “ideal” QD’s:

Jop—J
_ sa9QD Yo
i ) Jop= gsa—JO : (12
VAN Figure 1, which provides a schematic representation of

Current density this dependence, reveals the physical meaninty @ndgs®

i ) . Jo is the transparency current density which corresponds to
FIG. 1. Sch(_ematlc representation of the dependence of the gain on pumé) . . . .
current density for lasers based on a double heterostru@itte a quantum ~ 2€70 gain and is needed to create an inverted population.
well (QW), and an array of ideal quantum ddD). When the pump current densifyp equals],, there is one

exciton in each QD, and an increase in the pump current
causes increasingly more QD’s to begin to be filled by a
a structure with a quantum Wé'ﬂ, and a structure with an second exciton and the gain to increase Iinearly with current.
ideal QD array. Quantum dots which have identical dimen\When the current density equald the QD array attains its
sions and shapédo not produce nonuniform broadenjng Maximum possible gain.
and a ground energy level sufficiently distant from the  Figure 2 shows schematically the electitwole) density
higher-lying states are considered ideal. of states of a real system with QD’s. The differences from
An ideal QD array is essentially a two-level system, andthe ideal case include, first, nonuniform broadening of the
the dependence of the modal ga@QB) on pump current der_lsity of states due to t.he Spread. of Size§ of the QD'’s,
density (qp) can be obtained from the standard equafibns Which leads to a decrease in the maximum gain, and, second,
relative proximity of the higher-lying state@QD excited
Jop=constXrsfEy)), 3 states, as well as wetting-layer and matrix stateghich
Jop=CONStX (E10)2Xr(E1p), (4) leads to an increase in the transparency current.
In order to obtain the dependence of the gain on current

wherer s, is the rate of spontaneous recombinatipis the  tor Op's in a simple analytical form with allowance for the

rate of stimulated emission, arfd;, is the energy of the
transition of an electron, which is localized in a QD, from the
valence band to the conduction band.

Correlatedexciton trapping takes place at low tempera- )
tures, where the time for the binding of an electron and a Matriz
hole in an exciton is much shorter than the charge-carrier l
trapping time in a QD. It has not been conclusively estab-
lished whether exciton trapping of an electron and a hole in
a QD also takes place at high temperatures. On the other
hand, the condition of local electroneutrality indicates that
the trapping process can be treated using the exciton approxi-
mation, i.e.,

fzzl_flzfo, (5)

where f, (f,) is the probability that thee; (E,) state is
occupied by an electron or, stated differenfly,is the prob- :
ability that a QD is occupied by an exciton. Therefore, the £
rates of spontaneous and stimulated emission take on the max Energy
following forms:

Density of states
D
o
[ C—

FIG. 2. Schematic representation of the density of states of a structure with

I s E1p) =constx g, (6)  anarray of self-organized quantum dots having a finite spread of sizes. The
density of states contains nonuniformly broadened, quantum-dot ground
rs( E1p) =constx[(f;—f;)]=cons (2fo—1). (7)  state(GS and excited stat¢ES), wetting-layer stategWL), and matrix

) ) statesE,,.x— energy value corresponding to the ground state density maxi-
We can then write Eq3) and(4) in the form mum.
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spread of sizes, we assume equality of the matrix ele@ent wherep(E) is the electror(hole) density of states of the WL
the oscillator strengdhfor dots of all sizes, and we consider or the matrix as a function o, andF is the quasi-Fermi
cases in which the thermal distribution function varies onlylevel for electron(holeg. Thus, we have

slightly in the range of the nonuniformly broadened density

. h . . . 2
of stateg(fairly typical cases, in whickT is greater than the o f p(E)
nonuniform broadening or in which the Fermi level is lo- Jw+mairi= CONSX | EX E-F 29F (20)
cated above the QD energy stateBherefore, it can be as- 1+ex KT

sumed that the maximum gain is attained at the density-of-
states maximum. Disregarding the higher-lying states, wén order to avoid numerical calculations, we assume that the

obtain the following analogs of Eq&3) and (4): wetting-layer and matrix states are located above the quasi-
Fermi level. We can then go over from a Fermi—Dirac dis-
Jop= constXJ rof E) dE (13  tribution to a Boltzmann distribution, and E€R0) takes on
the form
ggg%gQD: constx (Emax)2>< Fsd Emax)1 (14) 3 F{ ZF)
. . = constx exp —
whereE . is the photon energy, which corresponds to the = *W-*mari kT

transition for dots of average size or to the density-of-states oE
maximum.[We note that in Eq(13) and in the following Xf EpZ(E)exr{ =
equations the integration limits are chosen in accordance kT
with the states considergdEquations6) and(7) remain the

dE. (21

The integral over the energy appearing in this expression

same: clearly converges and is equal to a constant, i.e.,
r s E)=constX fo(E), (15 oF
f o Eman) = CONSEX [ 2Fo Enm) — 1], (16) Jwit + matri= CONSLX eXp( KT’ 22
since, in contrast to the case of a QW or a bulk material, here ;5= Jy. (23)
integration over all the transitions with a given energy within
the electron or hole density of states is not required in calOn the other hand,
culating the emission rates, since an electron can recombine
radiatively only with a hole in the same QD. From the math- foz;' (24)
ematical standpoint, this requirement is analogous to the in- 1+ex;{ B i)
troduction of a selection rule with respect idn the treat- kT
ment of transitions from a continuous density of states.
Assuming, as we have done above, thataries weakly therefore,
in the energy density range of the ground state, by analogy oF fo |2
with (8)—(11), we obtain an equation identical to E{.2). eX[{ ﬁ) =<F> . (25
The main difference from the case of ideal QD’s is that at the 0
same QD density nonuniform broadening leads to a decreas&juation(12), in turn, can be written in the form
in the value of the maximum gairg?®), while the value of
the transparency currendd) remains the same, and the de- Jop
pendence of the gain on current maintains the linear form. Jop=Jo| 1+ _sat) ' (26)
Let us now consider the effect of wetting-lay@i/L)
and matrix states. The expression for the current density utiand, using(8) and (10), we find
lized for radiative recombination in these states can be writ- L
ten in the form fO:E( 1+ 2%;) . 27
— WL +matrix,
I = CONSLX j s (E)dE. @7 Equation(22) finally takes on the form
Under the assumptions of symmetric electron and hole den- sat 2
sities of states and equality between the electron and hole j =] m (28)
WL +matrix 2
masses, which are often employed in such estimates, as well - gop

as with allowance for the momentum selection rule, the ratg_hus we have expressed the current caused by recombina-

of spontaneous _recomblnatlon in wetting-layer and matrlxtion on high-lying states in terms of the gain that can be
states can be written as . ; )
achieved in a QD. The total pump current density can be

r\sl\‘/)Leratrix(E)zconStX Ep%(E)f%(E), (18  represented in the form
1 g gl g 2
- QD QD
f(E)_ﬁ, (19 J=Jopt IwL +matrix= Jo 1+_Sat) to|l |-
1+exy{ T ) 9" 9e
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Thus, the presence of the higher-lying WL and matrix stategend y remains unchanged. This fact is curious, since it fol-

leads to an increase in the transparency current density and@ws from it that the presence of QD excited states does not

deviation of the dependence of the gain on current densithave any influence on the slope of the dependence of the

from its linear course. gain on pump current density, in contrast to the case of the
At small gains, whergjop<g®® the total pump current WL and matrix states.

density takes on the form

1423

sat

14 90

sat
g

J:JO

+J, (30

In order to test the validity of the model described

. . o above, we investigated the gain characteristics of two laser
Hence, we can o_bt.aln an expression for the gain in terms fr ctyres with QD's. The first structure, which will hence-
the current density: forth be designated as QD-GaAs, was grown on an

) 3. EXPERIMENT

J—(Jp+3Jy) n"-GaAg100) substrate. The active region consisted of three
9o0=9%""3 %3, (31)  planes of InGaAs QD's separated by,AlGa, gsAS spacer
0r o2 layers with a thickness of 50 A and was placed in the middle
Introducing the notation of an AlLGa, _,As (x=0.45-0.15) waveguide, which was
Jy=Jo+Ja, (32) capped by emitter layers, each having a thickness ofiin5

The second structure, QD-InP, was grown on an
we obtain the following formula, which describes the depenn™-InP(100) substrate, which also served as the lower emit-
dence of the gain on pump current density at small gains: ter. Three layers of InAs QD’s separated by 50-A InGaAs

layers were placed in the middle of a waveguide InGaAs

Jop= gsatﬂ ¥, (33 layer with a thickness of 0.&um, which was capped from
Jur above by an InAlAs emitter layer with a thickness of 1.5
where wm. The measurements were performed at 300 K for the
QD-GaAs structure and at 77 K for the QD-InP structure.
y= Jir (34) The technological regimes used to grow the structures and
Jut Iy fabricate the laser diodes, as well as the procedures of the

HereJ,, is the transparency current densily,is the fraction electro- and photoluminescence measurements, were de-
u b y ' Iscribed in greater detail in Ref. 16, 17, and 18, respectively.

of the transparency current density due to radiation recombi-
nation on “parasitic” WL and matrix states, and the coeffi-
cient y specifies the relative contribution of these states 4. RESULTS AND DISCUSSION

y=1 for J,=0, (35) 4.1. Dependence of the gain on pump current density

y=1/2 for Jy—c. (36) ' The experimgntal dependence qf. the gain on'current den-
sity can be obtained from the condition of equality between
An expression such g83) was first proposed in Ref. 12 the modal gain ¢,y and the total losses at the lasing
to describe a linear gain regime. We have given here theéhreshold:

physical meaning of the parametgrand indicated its pos-

sible range of variation. Omod Jin) = atm* ;. (39
Apart from the ground state, QD’s can also contain ex-  The internal losseg;, in turn, can be determined from

cited states. As in the treatment of the contribution of thethe experimentally measured external quantum efficiency as

WL and the matrix, we assume that these states lie above tf@function of the stripe length using E.).

Fermi level. This leads to the appearance of a third term in  Figure 3a presents the dependence of the modal gain on

Eq. (30): current density determined by the method described above

for the QD-GaAs laser structure. It is clearly seen that this

JZJQD+JeXD+ JWL +matrix it
Q dependence has two saturated segments. The position of the

sat lasing wavelength as a function of threshold current density
9qp g™+ 0dqp : . . .
=Jo| 1+ —, B is presented in Fig. 3b. A comparison of the figures reveals
g 9" G9qp that the beginning of the second segment on the plot of the
sat,. 2 gain as a function of current density corresponds exactly to
+J, 9" 90 7 (37) an abrupt blue shift of the lasing wavelength.
9°*-gop We assume that the behavior of the gain and the lasing

. . .. wavelength just described is attributable to the fact that onl
whereJ; is the fraction of the transparency current densltythe QD %rofmd state is filled at low current densities Any

utilized to pump QD excited states. At small gain values Welncrease in the pump current density leads, on the one hand
obtain an equation which is completely identical to E24), bump y ' '

but the transparency current density is now defined by th o satu_ranon of the gain in the ground_ state, but, on the other
expression and, it leads to a gradual increase in the population of the

excited state. As a result, at a certain current density the
Jy=Jot+ I+ Js, (38 maximum gain attained in the excited state begins to surpass
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FIG. 3. Experimental plotgpoint9 of the modal gain(a) and the lasing FIG. 4. Dependence of the modal g@ apd the lasing waveleng(h) for
wavelengthib) as functions of pump current density for the QD-GaAs struc- the QD-InP structure at 77 K. The solid lines were calculated in accordance
ture at room temperature. The solid curves were calculated in accordané'(\-f\'th Egs.(37) and(29) and the fitting parameters listed in Table I.

with Egs. (37) and (29) and the fitting parameters listed in Table I. The

photoluminescence spectrum of this structure recorded after removal of the

upper contact layer is shown in section b of the figure. . .
PP Y g gain and lasing wavelength on pump current den$tty. 4).

Clearly expressed switching of the lasing from the ground
state to the excited state is again observed. In addition, at a
the maximum gain for the ground state, i.e., an abrupt blueurrent density of the order of 400 A/érthe lasing switches
shift of the lasing wavelength occurs. When the pump curto states of the two-dimensional wetting layer, and the gain-
rent density is raised further, lasing takes place already oms-current curve becomes strictly logarithmic, as is charac-
the excited state, on which the gain also saturates as theristic of QW laser¥ (see Fig. L
current density rises, but at a significantly higher level in For both structures the segment of the gain-vs-current
comparison with the ground state. curve, which corresponds to the ground state, is approxi-
The photoluminescence spectrum of this structure in Figmated well by the expressiaB7) with definite values of,
3b, which was recorded after removal of the upper contacl;, J,, andg®® and the segment corresponding to the excited
layer, consists of two distinct peaks, of which the long-state is approximated by E¢(R9), since in this casd, now
wavelength peak corresponds to the QD ground state and thefers to the excited state. The values of the parameters for
short-wavelength peak corresponds to the QD excited statéhe structures investigated are listed in Table I. The good
We note that the lasing wavelength lies within the long-correspondence between the experimental and theoretical
wavelength peak on the first segment and that it lies withirdata allows us to state that the proposed approach is valid for
the second segment in the case of lasing on the excited state.broad range of material parameters, since we investigated
The QD-InP laser exhibits similar dependences of thewo different QD systems.
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TABLE |. Parameters of the gain for QD lasers. nonuniform broadening of the QD density of states associ-
ated with the spread of sizes, and the foregoing qualitative
arguments remain valid.

InGaAs QD’s Ground 27 126 36 0 1 It can be shown that at zero temperature, at which there

Structure State g J, J; J, y

‘I“ A""” QA'EfaAS matrix GEXC“QC? 11705 1‘583 e 330 093; is no thermal spreading of the energy distribution function of
NAS S roun . . . .
in an INGaAs/nP matrix  Excited 69 42 . 36 o9 thecarriers, the value &, should be equal to 6, and at an

infinitely high temperature, at which the thermal distribution
of the carriers does not vary within the QD density-of-states
bell-shaped curve, it should be equal to 1. The experimen-
It is noteworthy that the relationships between the valueéally determined values d; (see Table i are 3.8 and 4.1
of the fitting parameters correspond to their physical meanfor the lasers based on GaAs and InP, respectively, and lie in
ing. For example, the fraction of the transparency currenthe theoretically predicted ranges. The closeness of the val-
that is utilized for the recombination of carriers on wetting- ues of this parameter for the two lasers can be attributed to
layer states J,) in the case where lasing occurs on thethe fact that although the measurement temperature for the
ground state is negligible in comparison with the case ofQD-GaAs laser was 300 K and the value for the QD-InP
lasing on the excited states. This phenomenon is attributed ttructure was 77 K, the value & is determined not only
the fact that the pump level is considerably higher and, conby the temperature, but also by the energy spacing between
sequently, a larger number of carriers are in the wetting layethe ground state and the excited state, and the latter is
in the latter case. roughly three times smaller for the QD-InP laser than for the
It would be useful to more thoroughly examine the ratiosQD-GaAs laser and compensates for the effect of the tem-

between the values of the saturated ggift and the values perature. TherefordRJO should be roughly the same, as is
of J, attained for lasing on the excited state and the groun¢pserved experimentally.

state:
g%%{ excited
Rgsa= —————, (409
g%®{ground
Jo(excited 4.2. Influence of quantum dots on the characteristics of
3= 0—_ (40b) quantum-dot lasers
0 Jo(ground

Equation(37) enables us to obtain the dependence of the
The values of these parameters for the two laser structurggreshold current density on QD density. The total surface
are listed in Table II. density of a QD array can be increased, for example, by the
It follows from the data presented above that the saturgpeated deposition of several rows of dots or by employing
rated gain attained in the excited state in the QD-GaAs andpecial deposition regimé&which permit variation of the
QD-InP Iasgrs is .apprOX|mater four times higher than theQD density in each of the rows. Regardless of hoviNafold
corresponding gain for the ground state. change in the QD density occurs, it leads\dold scaling of
In order to explain the closeness of these values to 4, le}e saturated gain in E437), as well as the contributions of

us consider the energy spgc?:rum of a QD. In the simple hyge (ransparency current density governed by the ground
drogenic atom approximatidhthe spectrum of a QD con-  gate 0o) and the excited state]{) under the assumption

tains one 3 ground state with two degenerate spin states, aat the electronic structure and emission characteristics of
well as a  state and three2states, which have the same the Qp's remain the same. Since the WL states lie below the
energy. Thus, four times more carriers can accumulate at theayix states, they make the main contribution to the third
excited level; therefore, the ratio between the saturated gaingm in Eq.(37). Then, if anN-fold change in the total QD
should be of the order of 4, if it is assumed that recombina—density occurs as a result of a change in the number of QD
tion occurs with the same oscillator strength in the grounqayers deposited, we can write the following expression on

state and the excited state. In general, the splitting betweega pasis of Eq(37) in the case of lasing on the QD ground
the 25 and 2 states because the QD potential well is notgi4e-

described by a Coulomb potential, as well as the splitting of
the 2p states themselves because of the aspherical shape of a

QD, should lead to removal of the degeneracy of the excited Yoo Ngs- 9op
level. However, this splitting is considerably smaller thanthe ~ J=NJo| 1+ —— p—
g Ng™-dq

N gsat+ g
TABLE Il. Ratios between parameters of the gain for the excited state and + NJ2 (41a)
the ground state of QD lasers. Ngsa— Jop
Structure Rgsat Ry,
InGaAs QD's in an AlGaAs matrix 38 38 In the case where the QD surface density is altered with

InAs QD’s in an InGaAs/In matrix 4 41 conservation of the number of planes with QD’s deposited,
the required equation has the form
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Ngsa+ Jor a
I=NIo| 1+ 922 | g, | 2 _—9e0 . Q- Gads
Ngsat Ngsat_ gQD
25F o QD'GIIZAS‘LD
N sat+ 2
JFJZ(—QSEIt Jep (41b)

Ng>™—0qp S ooaor
The only difference between Eqgl1la and(41b) is that in E
the former case the fraction of the transparency current uti- .; 151
lized to pump WL states is scaled with, while in the latter 5

case it is not. We note again that in the case of lasing on the 10}
excited state these equations do not contain the second term
andJ, refers to the excited state.

In order to experimentally test the validity of the forego-
ing arguments, we compare the threshold characteristics of 00s* &/ o
two laser structures which differ with respect to the QD sur- 010 100 1000
face density in the active region. The first of them, the QD- J, Alcm?2
GaAs laser considered above, has a QD surface density per ‘
layer of dots of the order of 210 cm 2, which is four
times higher than the typical value ofx&8L0'° cm™2 for
InGaAs/AlGaAs QD’s, which characterizes the QD-
GaAs-LD laser offered for comparison.

In Fig. 5a the points show the experimental dependence
of the gain on pump current density for a single layer of
QD'’s in both structures. The solid curves in this figure rep-
resent the dependences described by BjB.and(29) with
the fitting parameters determined above for the QD-GaAs
laser. At the same time, the dotted curves were obtained from
Eq. (41b) with the same values of the parameters ahd3.
There is good agreement between the experimental data and 700
the theoretically predicted behavior of the gain as a function
of pump current density for the QD-GaAs-LD structure,
which points out the possibility of using this approach to
design the active region of a QD laser.

For example, using Eq41), we can determine the opti- 0.1 -9
mal QD density corresponding to the minimum threshold Normalized QD density
current densityJy,, for an assigned threshold gain, which
must be attained at the lasing threshdkg, :

........
.o

1000

Jin s Alem?
T T 7T

T 7177

[ [ A S W | " SR B W |

10

FIG. 5. a — Dependence of the modal gain on pump current density for a
single layer of quantum dots in two structures based on InGaAs QD’s in an
AlGaAs matrix with different QD surface densities. The filled circles cor-

G Ngs4 Gy, respond to the QD-GaAs structure with a surface densigy< 101 cm™2,
Jth(N) =NJo| 1+ | -sat +NJ; N sat o~ and the open circles correspond to the QD-GaAs-LD structure with a QD
Ng Ng™— G surface density~5x10'° cm™2. The solid lines were calculated in accor-
2 dance with Eqs(37) and (29) and the fitting parameters listed in Table |,
Ngsat+ G and the dotted curves were obtained using Bd4b with N=(1/4). b —
+NJ; WTG (423 Dependence of the threshold current density on QD density for lasing in the
— Yth

ground statdésolid curve$ and excited statédotted line$. The numbers on
the curves correspond to the threshold gain level TBmN — the QD

G Ng%4 Gy, density normalized to 2 10" cm™2,
‘Jth(N):N‘JO 1+ N sat +NJ1 N—Sat_G
g g th
Ngs+ Gy, 2 QD density is qualitatively the same as the dependence of
+J2 Ngst Gy, (42 the threshold current on the number of quantum wells for

lasers based on them. There is an optimal QD denbity,

Figure 5b shows the dependenceJdgf on QD density  which corresponds to the minimum valueXyf for a definite
described by Eq(42b for various levels of the threshold level of the threshold gain. The value &f, decreases with
gain. The values oy, J;, J,, andg** were obtained from increasingN up toN,y, and then it begins to increase. If the
the fitting curves corresponding to the dependence of theecessary threshold gain is excessively large, lasing can be-
gain on current density for a single layer of QD’s in the come unattainable in the ground state at a definite QD den-
QD-GaAs structure. The QD density was normalized to thesity, but it can be realized in excited states. As was previ-
value of the QD surface density in this structurex(P0'*  ously noted, lasers with high radiation-extraction losses are
cm ?). It can clearly be seen that the dependencd,pbn  used in most practical applications. They must therefore have
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Changes in the luminescence spectra and current—voltage and capacitance—voltage characteristics
of light-emitting diodes based on InGaN/AlGaN/GaN heterostructures were investigated as
functions of operating time during extended use. Sample blue and green light-emitting diodes with
InGaN single quantum-well active layers were examined during operating times 210

X 10% h at currents up to 80 mA. An increase in the efficiency at the working curt@Bt®A) was
observed in the first stage of aging (30800 h followed by a decrease in the second

stage. The greatest changes in the spectra were observed at low cu€rits (nA). Studies of

the distribution of charged acceptors in the space-charge region showed that their
concentration grows in the first stage and falls in the second. Models explaining the two stages
of aging are proposed:) hctivation of Mg acceptors as a result of destruction of residual

Mg—H complexes, and)2formation of N donor vacancies. A model of subthreshold defect
formation by hot electrons injected into the quantum wells is discudse@l. 1999

American Institute of Physic§S1063-7829)01402-7

1. INTRODUCTION tected, and models are proposed explaining these changes.

ComF;r(o)]t()IS?s of_ the aging of GaN-based devices have b.e%—_ EXPERIMENTAL TECHNIQUE
gent interest in the last two years as the potentia

for mass-production of light-emitting diodéskED’s) based 2.1. We investigated blue and green LED’s which con-
on GaN heterostructures has become evides the review sist of InGaN/AlGaN/GaN heterostructures with an active
articles in Refs. 3 and)4The bonds between the metal and layer comprised of InGaN single quantum wells of thickness
N atoms in a hexagonal lattice of 1lI-V type are strongerd~3.5nm and which were grown by epitaxy from metallo-
than the bonds with As or P in a cubic lattice. Therefore,organic compounds in the laboratory of the firm NicHiya
defect formation in an ideal nitride lattice is less probablethe properties of these diodes were investigated in Refs.
than in arsenide or phosphide lattices. Nitride devices shoul8—-12.

be, given present developments, more long-lived. The actual 2.2. The choice of aging conditions was made as fol-
state of affairs is determined by defects in the GaN struclows. We estimated the rate of variation of the LED charac-
tures. But already the service life of GaN-based LED’s isteristics as the currerdtthrough the diodes was increased in
estimated to be>10° h (Refs. 4—6. Therefore, the develop- the interval 10—100 mA. We found that &t 80 mA (volt-
ment of techniques for estimating the service life of LED’s age V=4.0—4.2\j noticeable changes are observed in the
after a brief period of use under a high load is of currentspectra and the capacitance—volta@aV) and current—
interest. voltage (CV) characteristics after a few hundred hours. At

Studies of the degradation of such LED’s under pulsedl=80 mA the temperature of the active region of the LED
loads up to 1 ARefs. 5 and Yand at elevated temperatutes wasT=360—370K and depended on the series resistance of
are well known. Catastrophic degradation occurs uporihe LED (for the method of determining the temperatire
breakdown in strong field&tatic or pulsel One of the rea- see below in the discussion of the resultsor the tests that
sons for degradation of LED’s—migration of metal ions were to follow, we chose an operating regime with constant
from the contacts at high pulsed currents—has beerurrentJ=80mA. The tests were carried out in a time of
identified® 2000 h.

Our aim in this study was to investigate aging processes 2.3. An important part of the test was a study of the
in the LED’s whose luminescence and electrical propertieglistribution of the effective concentration of charged centers
were studied elsewhefeee Refs. 7-12The measurements in the space-charge regi®®CR during aging which was
were carried out under moderately elevated current loadmduced using an original techniqt.
similar to those used under normal conditions. Changes in 2.3.1.Slowly varying bias voltage¥, which defined the
the spectra and electrical properties of the diodes were devidth of the SCRW, and a small variable signalV=U

1063-7826/99/33(2)/8/$15.00 192 © 1999 American Institute of Physics
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FIG. 1. Electroluminescence spectra
of a blue LED at constant current
values (from down up 10, 20, 30,
50, 80, and 100 mA. The points de-
note spectra calculated according to
formula (3) with fitting of the param-
eters; temperature of the active re-
gion: 300K (lower curveg, 358K
(upper curve
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with a period much smaller than the characteristic time of3. EXPERIMENTAL RESULTS
variation of V were applied to the semiconductor structure
simultaneously. The widtW was modulated by the small
variable signal, with modulation widtAW. 3.1.1.Figure 1 plots the electroluminescen&d.) spec-
2.3.2.1f AQ is the variable charge induced in the struc- tra at currents=10—100 mA(Refs. 8—11 presented spectra
ture by the voltagd) 4, N(W) is the effective concentration up to 30 mA. Figure 1 also shows a fit to the spectra using
of charged center&density of charged centers on the right- formulas of the model described in Refs. 8 and 9, which
hand side of the Poisson equatian the edge of the SCR takes into account the two-dimensional density of states
(at a distanc@V from the boundary of the andn regions,  N*°(hw—Ej ,Eo) in a rectangular quantum welEf is the
andC,y=e£,S/W is the differential capacitance of the struc- effective width of the band gapvith exponential decay of
ture (Sis the arel thenU, can be represented as a sum ofits long-wavelength partE, is the exponential parameter
two voltages: due to the fluctuation potentjalThe short-wavelength decay

B B ) ) 5 of the spectrum is described in the model by filling functions
Ug=Uw+Un=(dV/dQ)AQ+(1/2)(dV/dQ")AQ at the edges of the conduction band and the valence band
=(AQ)(W/e£oS) +(AQIS)%2e£4qN(W). 1) f(iw—Eg ,Fp,mkT) and 1-f,(Aw—Eg,Fpl-mKkT)

h \valent circuit of the barri it in thi (here the fitting parameters aneand the Fermi quasilevels
e equivalent circuit of the barrier capacitance in this casgyr the electrons and holes aFe, andF):

can be represented by two capacitors connected in s€xjgs:

3.1. Changes in the electroluminescence spectra

and Cd=gssoS/AW, the dynamic capacitance due to small I(ﬁw)~N2D(ﬁw—Eg Eo)f(hw—E* |F, ,mkT)
changes in the SCR; heltd,>Uy .
2.3.3.A small variable chargd Q with constant ampli- X[1-f,(ho—Ej ,F,,1-m,kT)]. 3

tude, which is the sum of two harmonic signals with similar

frequenciesw; and w,, was imposed on the structure. This By varying the fitting parameters we determined the tem-

made it possible to separdtk, andU, by their frequencies: perature of the active region fde=80 mA (the value used in

the signalU,, was measured at the frequenay,(+ w,)/2, the tests T=360-370K.

and the signaly at the frequency ¢; — w,). The constant 3.1.2.The intensity of the EL spectra at 15 mA increased

amplitude ofAQ was assigned by passing a current throughby 10—40% over the first 50—100 h of operati@t 80 mA

the structure connected in the feedback circuit of an operdor the blue LED’s and in a time of~800 h for the green

tional amplifier; at the input of this amplifier a variable volt- LED’s. During the subsequent period, for timed.000 s, the

age with amplituddJ ;~100 mV was applied through a ref- luminescence intensity fell for both the blue and green

erence capacitandg,>C,,,Cq4 (Ref. 13. The dependence LED’s (Fig. 2). The interference structure, which was quite

N(W) in this circuit is given by noticeable before aging, was smeared out after aging. The

) main emission band was broadened on its long-wavelength

N(W)=(CoUo/S)*/2ss0Un;  W=es0SUn/Colo. (2) side; the energy paramet&y, increased. Large changes in
Smooth variation ol ensured continuous recording of the spectra were observed for the blue LED’s at small cur-

the values oN(W) with the concentration valud$(W) av-  rents,J<0.15 mA, where the tunneling and injection compo-

eraging to~10¥cm™2 across the layeA W=~ nm. nents of the currents are of the same order of magnitude. The
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luminescence intensity decreased, but the fraction of tunneEomponent of the direct current at low voltages grew for the

ing radiatiot®!*increased threefol¢Fig. 3. blue and the green diodes. Extended aging led to growth of
The intensity of the breakdown luminescelfcale-  the series resistance of the diodes, whose role is mani-

creased with aging, and in this case the relative fraction ofested at large currents. Conditions of defect formation de-

the yellow band (2.1-2.3 eMincreasedFig. 4). It is well — peng on the value dR, (see the discussion of results below
known that the yellow band is due to complexes with defects 3 5 5 e effective concentration of charged centers in

of the structuré:this is evidence of the formation, upon pas- the p region grew during the first aging period for the blue

sage of a direct current, of defects at the boundaries of the. ) .

spgce charge region, where recombination occurs subsequegrﬁ{t)des by ,10_ 15%; and in the secqnd per|§d|,000 h, the

to impact ionization. concentratlpn of charge_d acceptors in fhegion decreased
6—8 fold (Fig. 6). The width of the space charge region grew
in this case by only~30%. For the green LED’s the effec-

3.2. Changes in the electrical properties tive concentration of charged centers grew slowly for

3.2.1.Changes in the current—voltagéV) characteris- 600—800h by~10% and then fell insignificantlyFig. 6).
tics as a result of aging are shown in Fig. 5. The tunnelingNote that the change in the concentration of charged accep-
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FIG. 3. Electroluminescence spectra of blue
LED’s for J=0.15 mA after aging. Operating
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tors occurred at distanc&g~40—80 nm, i.e., at distances of main band and growth of the effective acceptor concentra-
the order of the mean free palth, (estimate given below tion, can be explained by additional activation of Mg accep-
tors in thep space charge region.

The model of the first stage is as follows: for injective
excitation of the active region the residual Mg—H complexes
4.1. Models of growth and decay of luminescence efficiency can be destroyed, hydrogen escapes from the complexes, and
the charge of the Mg ions should be compensated for by
Hje holes:

4. DISCUSSION OF RESULTS

4.1.1.The most important step in the creation of efficient
LED’s based on GaN was realized because of an understan
ing of the mechanism of Mg compensation: formation of
Mg—H complexes during epitaxy. Either means of Mg—H=Mg +(+)+H. 4
activation—bombardment with an electron beam or heating
in an N, atmosphere—destroys the Mg—H complexes and 4.1.2.In the second stage of the process, formation of
allows hydrogen to escape from the lattféé® Obviously, donor defects that compensate the acceptors predominates.
some fraction of these complexes remains in the finished'hese defects increase the probability of nonradiative recom-
structures. The changes in the properties of the LED’s durindpination and the probability of emission in the yellow band
the first aging period, namely growth in the intensity of thewhich manifests itself in tunneling and breakdown lumines-

-
1.0F
2 0.8
.g i
<06 .
8 FIG. 4. Breakdown Iluminescence of blue
- i LED’s for J=4 mA after aging. Operating time
R t,h:1—0,2—72,3— 800,4 — 1000.
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_§ L
~
0.21
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-1.00F the second stage of the aging process. In addition, defect
migration takes place along the grain boundaries and growth
columns: The defects accumulate at “weak points,” at
which the electric field is maximum. Thus it is possible to
explain the growth of the tunneling component of the current
and the tunneling emission in the spectra.

-3.00

~5.00 4.2. Model of subthreshold injective defect formation

4.2.1.To explain why formation of structural defects in

GaN is possible at a comparatively low temperatdre
~370K, it is necessary to invoke the model of defect for-
mation inp—n heterostructures by hot electrons. This model,
developed for GaAs-based structures, was used successfully
to explain aging processes inn-AlGaAs/p-GaAs
heterojunctions® Here it was assumed that the atoms are
displaced upon transfer to them of the kinetic energy of the
hot electrons, which acquire this energy by intersecting a

~7.00

~9.00

-11.00 heterojunction with a conduction band discontinuity. This
/ ./ . . , assumption is based on the experimental observation that
~12.00, 1.00 2.00 3.00 4.00 defects are formed at a depth on the order of the mean free
v,V pathl¢, from the boundary of the heterojunction. In contrast

to this mechanism, defects are formed during multiphonon
FIG. 5. Current—voltage characteristics of blid, b2) and greengl, g2) . he diffusi d | 9 P
LED’s before(bl, g1) and after(b2, g2) passing a direct current of 80 mA scattering at the diffusion depth,> fp-

through them for 800 h. Solid curves F=300K, dashed curves —F 4.2.2. In heterostructures, electrons injected into a
=80K. narrow-gap layer from a wide-gap-barrier have energy
AE>KT relative to the bottom of the conduction baBd:
AE=E—-E.>AE.=E—E >kT. (6)

cence. Native defects of this kind can be nitrogen vacancies
Vn, Whose probability of formation is significantly greater The electrons should give back this energy at the other edge
than for Ga vacancie$:*’ of the well—at thep-boundary(Fig. 7); for a voltage on the
+ order of the contact potential/~ ¢,, the mean energy of
GaN=GatVy+(=)+N. ® the electrons remains the same as aintheundary(Fig. 79.
The charge states in this equation should be taken as nomiia the investigated structures, there are compensated layers
nal, which is not a certainty. However, this model explainson both sides of the quantum wéi*?For V> ¢, a large part

b2
b1
1.4
1.2
1.0 FIG. 6. Distribution of the effective
o concentration of charged centeis)(
'e with depthx in the space-charge re-
= 081 gion of blue(b) and greer(g) LED’s
‘.Q before and after passing a direct cur-
‘: rent of 80 kA through them. Operat-
= 061 g v=0 23 g2 ing time't, h: bl,g1 — 0; b2,g2 —
250; b3 — 1000.
1
04 g
Active layer
0.2} / \
[ J g
1 ? L 1 1 A
0 20 40 60 80 100 120
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ment nitrogen escapes from the GaN lattice as the gas N
forming nitrogen vacancieg, (Refs. 16 and 1) If hot elec-
trons transfer energy to the lattice, thereby breaking Ga—N
bonds, then the defect formation reacti@ will take place
at low temperatures. Note that the calculated probability for
the formation of the equilibrium concentration of donor va-
canciesVy is greater inp-type GaN!®

Processes of Mg activation an, formation are simul-
taneous. In the first stage Mg activation predominates, but it
is limited by the low Mg—H concentration. In the second
stageVy formation predominates and is not limited: N atoms
are basic to the lattice. At extended times this process satu-
rates due to dynamic-equilibrium recombination\g§ with
N atoms.

4.2.4.1n the theoretical analysis of subthreshold defect
formation during hot electron injection to follow, we will

goes through excitation of the electron subsys{eee Refs.
E=(V*?,‘)e 20 and 2}. Displacement of a lattice atom by electrons with
kinetic energyAE can occur with probability

l
|
1
i Ee proceed by analogy with theories of radiation solid-state
! physics, which treat the interaction of atoms of the crystal
: ! with fast particle$® The difference is that the energy of the
I : hot electronsAE, is much smaller than the threshold energy
| [ F of displacement of the atonts;, and the interaction process
! ] n
| [
I
|

W(AE)~exp —E4/AE),

whereE, is the threshold displacement energy. The effective
probability of displacement, integrated over all energids
and velocitiesv, , is

|
|
]
I
|
!
|
{

t ‘£, §=fW(AE)vxexq—vX)dvxf exp(—vy)dy,
{

|
|
I
|
|
1
| 4 )
| I

FIG. 7. Schematic representation of electron transitions from the emitter to X j exq o vz)dvz / J J f vxfod devyd Uz,
the base region in the presence of a compensating layer.\é&=8; b —

V<gy; ¢ —V=g,; d —V>g,. 1 —n-AlGaN; 2, 4— i-AlGaN (com-  wherev,=m?* v?/2kT, f, is the electron distribution function
pensated layeys3 — i-InGaN (active layey, 5 — p-AlGaN. in the wide-gapn-emitter, andy, are the components of the
thermal velocity of the electron.

We assume that diffusion of the generated defects is
of the direct voltage falls in the quantum well and in theseSMall, and we disregard the electric field in the region under
layers since thep andn contact regions are heavily doped. conS|derat|on..Thusf, thg concentration of the dlsplaced native
Electrons, as they drift in the electric field of the compen-atomsAN, varies with timet and distance according to the
sated layers, acquire additional energy and traverse a path &rmulas
the order of the mean free path, (Fig. 7d. The critical ANg=G(X) 7o(T){1—exg —t/7o(T) ]},
energy of the electrons for a large current density can be
transferred to the lattice during a time on the order of the ~ G(X)=Ngyo(X), yo(X)=(3/2)(j/q)éa(x) 0y,
relaxation time on a lengtk- I ;, not only because of scatter- _
ing on phonons, but also because of subthreshold defect for-  2(¥) = XA =X/l1p)[1—exp(—x/lgp) Jexp(—x/Lp), (7)
mation. This should occur either in compensated layers adwvhereN is the concentration at the tinte=0, a(x) is the
joining the active layer or in the space charge layer. spatial distribution of the rate of point defect generation,

4.2.3.1f the electrons transfer energy to the Mg—H com- G(x) is their generation rat¢,is the current densityq is the
plexes, then the reaction of breaking the complex bond andharge of the electrom is the characteristic relaxation time
activation of the Mg acceptor will proceed with a high prob- of defect displacement, is the diffusion length, and-, is
ability according to formula4). This mechanism operates the cross section of interaction of the hot electrons with an
mainly at the boundary of the active region apdhlGaN. atom. With the passage of time, this dependence saturates
The threshold defect formation enerdyy (Mg—H bond  with a time constanty(T).
breaking energyis greater than the Frenkel’ thermodynamic 4.2.5.For Mg—H complexes, whose concentration is sig-
energy; estimates giviegj~4 eV. nificantly lower than the concentration of native atorNg,

It is well known that during high-temperature heat treat-<Ny, the variation of the concentratiakN, is given by
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51 a electrons acquiring excess kinetic energy in the electric field
" of the compensated regions, and can explain aging effects in
g ¢ o GaN-based LED’s.
[
E -5 0
z"_m | 5. CONCLUSIONS
<
o o o It has been shown that the luminescence spectra and
15 ! ! ' ) ' electrical properties of blue and green LED’s based on
8r b InGaN/AlGaN/GaN heterostructures with single quantum
D wells vary noticeably over the course of 100—2000 h of op-
O o eration at a current of 80 mA.
E The growth of the luminescence intensity at currents
*'EQ aF /B ~15mA and the increase in the concentration of charged
Aot acceptors in the space-charge region during the first period of
: 2 ) o a aging are explained by additional acFivation of Mg acceptors
due to escape of H atoms from residual Mg—H complexes.
1 The slow decay of the luminescence intensity and the decay

1 i 1 [
0 200 400 600 800 1000  of the concentration of charged acceptors during the second
t.h period can be explained by the formation of donor defects as
FIG. 8. Variation with time of the effective concentration of charged centers result of extended injection of hot electrons into the quan-
in the space-charge region of blue LED’s fer=0.67, (@) and green tum well. The first period for the blue diodes (70—100s$
LED's for x=3l, (b). The poin_ts are the experimental data, and the solidshorter than for green diodes (800—100(ecause of the
curves were calculated according to formuf@s-—(9). greater compensation of acceptors and weaker electric fields
in the green diodes.
The proposed model of injection-stimulated subthresh-
Ni(%,t) = Niof 70 1T Lyic() 7 T) + 1} old defect formation can explain aging effe¢tseaking of
x{1—exgd —t[ y(X)7(T)+ 1]/ 7(T)]}, (8 Mg—H bonds or Ga—N bonds by hot electrons injected into
» the quantum well
where y,(x) and 7(T) are quantities analogous tg(x) We are grateful to Dr. Sh.Nakamura for providing
and 7o(T) in formula(7), but for complexes. As a result of | Fp's 1o Moscow State University for study and to Prof.
the relatively low concentratioNy, and high probability of /5 vavilov for a discussion of the results. Two of (s E.

escape of hydrogen from the lattice for large values ofynovich and V.E. Kudryashovare grateful to the Soros

AN(X,t) = Nyof 1 —exf — y(X)t]}. €)
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Mechanisms of radiative recombination in INnGaAsSb/InAsSbP lasers operating in the
3.0 to 3.6- um spectral range
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It is shown that type-I or type-Il heterojunctions can be formed at heterojunction boundaries,
depending on the composition of the active region and/or bounding layers. This is
governed by differences in the mechanisms of radiative recombination, the temperature
dependence of the radiation wavelength, the polarization type of the radiation, and the
current—voltage characteristics. €999 American Institute of Physics.
[S1063-782629)01502-1

Diode lasers based on narrow-gap 1l11-V semiconductorgence was analyzed with a DFS-12 spectrometer. Measure-
emitting in the middle infraredlR) are of interest because of ments were performed in the pulsed=(5 us, f=500H2
the possibility of using them in molecular spectroscopy, pol-and continuougcw) regime.
lution monitoring, and in fiber-optic communications based  The composition of the layers, determined by a
on fluorite glasses with low optical losses. CAMEBAX micro-x-ray analyzer, and the parameters of the
This paper is a continuation of research on mesa-strifnvestigated structures are given in Table |. The widths of the
lasers based on InGaAsSb/InAsSbP, double heterostructurband gapsg, of the layers were determined from the
(DH) which emit in the spectral range 3.0—%6 and maxima of the photoluminescence spedff@ K) and coin-
which were grown om-InAs (111) substrate$? In this pa-  cided with theE, values calculated from the composition of
per we show that type-l and type-Il heterojunctions can behe solid solutior’. The band discontinuities at the hetero-
formed at heterojunction boundaries, depending on the conjunction boundaries were determined by interpolation using
position of the active region and/or the bounding layers. Thighe technique of Ref. 6.
is governed by differences in the mechanisms of radiative In the table the double heterostructures are divided into
recombination, the temperature dependence of the radiatidhree groups, depending on the material of the active region.
wavelength, the polarization type of the radiation, and theThe first group includes structures with an InAs active re-
current—voltage characteristics. gion, the second group includes structures with an InGaAsSb
active region, and the third group includes structures with an
INAsSb active region. The double heterostructures of group 1
realize type-Il heterojunctions, the double heterostructures of
group 2 realize heterojunctions of both types, and the double
Double heterostructures were grown by liquid-phase epheterostructures of group 3 realize type-I heterojunctions.
itaxy on an-InAs (111) A substrate with electron density
n=(1-2)x10"cm 3 and consisted of three layers: two
wide-gap bounding layers of InAs,_,SBPy (0.0550 5 expERIMENTAL RESULTS AND DISCUSSION
=<0.10; 0.08=w=0.18) of n- and p-type conductivity, re-
spectively, and the active layer of the laser with composition  Figure 1 shows typical photoluminescence spectra at
n-In;_,GaAs; ,Sh, (0=sx=<0.1; Osy<0.1). The thick- T=77K for the three groups of samples. The short-
nesses of the wide-band layers were 4w, and of the wavelength decay of the intensity, is similar for all three
active layer 1—4um. Mesa-strip lasers with strip widths 10 groups and is described by an exponential dependence with
and 20um and cavity length 150—6Q@m were fabricated activation energy,~kT~10 meV, which suggests that the
using photolithography. Similar structures, grown on InAscomposition of the active regions is homogeneous. The half-
(100 substrates, were investigated earlier in Refs. 3 and 4.widths of the spectra are equal t&25 meV, which indicates
Photoluminescence at=77 K and electroluminescence that the electron density in the active region is low~5
in the temperature range=77—-160 K were recorded by a Xx10cm™3).
cooled InSb photodiode using a synchronous detection The lasers had threshold currentg from 15 (current
scheme. To excite photoluminescen@®l), we used an densityj,=200A/cnf) to 100 mA and output power up to
LPI-14 diode lasefwavelengthh =0.8um, power~50W, 2mW from the face(at a currentl =201,) at 77 K. The
pulse durationr=5 us, frequencyf =500 H2, whose emis- single-mode lasing regime was realized in the current inter-
sion was directed onto B-INAsSSbP wide-gap emitter. The val (1-2)l. Minimum threshold currents were observed
signal was recorded in “reflection” geometry. The lumines- for cavity lengths~300um. In the lasers with strip width

1. OBJECTS OF STUDY AND EXPERIMENTAL TECHNIQUE

1063-7826/99/33(2)/6/$15.00 200 © 1999 American Institute of Physics
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orbit decoupling energy is close to the width of the band
gapEg. In InAs and in solid solutions similar to it in com-
position, a situation is realized near 140 K, where the photon
energyhv~A and intraband absorption is maximized. As
the temperature is raised, so that the photon energy becomes
less thanm\, intraband absorption decreases, causing the ap-

1.0

?3 pearance of an inflection point in the temperature depen-
5§05 dence of g .

s The current—power characteristic has a sublinear depen-
5, dence. With growth of the current, the differential quantum
= efficiency decreases due to heating of the laser. In addition,

intraband absorption leads to growth of the concentration of
nonequilibrium carriers, which lowers the refractive index of
~ the active region and leads to a weakening of optical con-
Joo 350 400 450 500 finement and escape of radiation into the passive regions.
Av , meV Figure 3 plots the dependence of the photon energy of
}{he laser radiatiomy on temperaturéa), the degree of po-

FIG. 1. Photoluminescence spectra of three groups of samples at 77
Structures: 2171), 209 (2), 216 (3) (see tablg

arizationa of the laser mode on the currdim, the current—
voltage ( —U) characteristiqc), and the energy band dia-
gram (d) for samples of group 1, for which a type-ll
10m the longitudinal spatial moden{=0) was usually heterojunction is formedsee Table)l
observed. The energy of the photons emitted in lasers of group 1 is
Figure 2 shows typical curves of the threshold curtgnt 405—408 meV (77 K), which is less than the width of the
and differential quantum efficiencyq as functions of the INAs band gaf410 meVj and larger than the band—acceptor
temperaturéFig. 23, of the output poweP as a function of ~transition energy(395me\j. A value similar to ours was
the currentl (Fig. 29, and emission spectra foe= 14, 214, obtained in an analogous structure with optical pumﬁing.
(Fig. 2. Unusual here is the absence of any dependénceveak
The temperature dependence of the threshold current @ependenceof the laser peak energy on the temperature.
fitted by two exponential segments with characteristic temThe emitted radiation has TM polarization. The degree of
peraturesT,=55—88K in the intervalT=77—120K (the  polarization = (Itg— Ity /(I7g+11m), Wherelqy and I
region in which radiative recombination predominatead  are the intensities of the radiation for TM- and TE-polarized
To=16—21K for T>120K, where nonradiative Auger re- light, reaches 97%. The current—voltage character{§tig.
combination with participation of the spin—orbit detached3c) in the forward direction has a8shaped dependence.
band predominateésThe temperature dependence of the dif-  Let us consider the energy band diagréfig. 3d. On
ferential quantum efficiency has two similar segments. Notéhe N—n heteroboundary there exist self-consistent pockets
the nonmonotonicity of the slope of the curvg(T) near for holes on the wide-gap layeN) side, and for electrons
T=120-140K. In Ref. 8 it was shown that in InAs and in on the narrow-gap active regi@n) side. Estimates show that
solid solutions similar to it in composition the probability of for the same electron density in tieandn layers (N~n
intraband absorptioflA) by holes followed by their transi- ~5x10*°cm™3) and pocket width~200 A the depth of the
tion to the spin—orbit detached band is great since the spinpockets is~(1/2)AE, for the electrons and- (1/2)AE, for

TABLE I. Laser structure parameters.

Composition
Composition  of boundin
_ of gctive layers ’ By, mev Laser
Material region InAs_,_,Sh,P,, . _ mode’
Group of of active Number df active bounding AE; AE., AE,, Type of energy Iy, Type of
samples region structure x y v w region layers | meV meV meV HJ meV mA polarization
1 InAs 217 0 0 0.095 0.16| 410 475 65 114-49 I 405 45 ™
2 In,_,GaAs, _,Sh, 209 376 16
212 0.09 0.1 0.05 0.11 385 468 83-32 115 Il 380 100 TE,T™
215 380 50
208 0.1 0.07| 0.07 0.1 363 441 80 44 36 | 361 50 TE
3 InAs, _,Sh, 213 356 50
214 0 0.075 0.07 0.1 355 443 88 50 38 | 360 115 TE
216 355 100

Note: AE, is the difference in the band gaps of the materials of the bounding regions and the active Adgioand AE, are the energy gaps of the
conduction band and the valence band at the heterojunction.
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FIG. 2. Dependence of the differential quantum efficiemagy; and thresh- A
old currently, on the temperaturéa). Laser emission spectra for=1y,
=30 mA (lower curve andl =2 | ;=60 mA (upper curve (b) and current—
power (P—1) characteristigc). Structure 209.
n-InAs

the holes, i.e., 57 and 25 meV, respectively. The large dis- N-InAsSbP P-InAsSbP
continuity in the conduction band;-114 meV, provides FIG. 3. Dependence of the photon enefgy on temperaturd (a) and of
good electron confinement, which creates conditions fothe degree of polarizati_on_ of the radiatianon the‘currenl (b). Current—
quantization and radiative recombination of the electrons anﬁf'ta.ge (~U) characteristidc) and energy band diagrafd) for samples of
. . . . e first group. Structure 21E is the Fermi level.

holes located at levels in the pockets with carrier tunneling
through the heterojunction.

In view of the discussion above, we assume that in lasers
of group 1 recombination occurs primarily near the type-li polarization'® and the temperature dependence of the laser
N—n heterojunction, and not in the volume of the active photon energy is due to competition of temperature narrow-
region. Radiation is created as a result of recombination oing of the band gap and filling of the pockets, whose depth is
electrons and holes located in the self-consistent quantumletermined by the band discontinuitié& . andAE,, which
wells on either side of the heterojunction boundary, withare independent of temperature.
tunneling of light holes into the narrow-gap region of the Figure 4 plots the dependence of the photon enéngy
double heterostructure. In this case, the radiation has Thoén temperaturéa), the degree of polarizatioa on the cur-



Semiconductors 33 (2), February 1999 Aldaraliev et al. 203

- a 3521 a
400+ N
~ J90- 7 t 350
@ . E -
E T =
's J&a t ; o J481
SO e WP o i
370+ 346l
[N (VR NN TN N NN ST U | . ) \ B
0 1 120 4 760 L i ) 4 -1
. "0 T’ZK e a0 00 120 140
s
b b
7.0 1.0
o 0.5+ o
L o5t
3 3
o \‘ It
OT7 Asupent B
[N WY W W T TR SR W A | '
g 00 200 300 400 500 '
I,mA 0
1001
2001
750
E 5 E B
~ ~ 100+
50
0‘ R
g
n-InGaAsSh
N-InAsSbP P-InAsSbP
nas nAis n-InGaAsSb
FIG. 4. The same as in Fig. 3, but for samples of the second group for the N-InAsSbHp P-InAsSDHP
case of a type-Il heterojunction. Structuras— 209(1) and 215(2); b —
212 (1) and 215(2); ¢ — 215. FIG. 5. The same as in Figs. 3 and 4, but for samples of the second group

for the case of a type-| heterojunction. Structure 208.

rent (b), and the current—voltage characterisiit and also

shows the energy band diagrdd) for group-2 samples with  short-wavelengtl{“blue” ) shift of the radiation wavelength

an InGaAsSb active region in the case in which a type-llis observed; this shift is probably associated with filling of

heterojunction is formed. the pockets as a result of an increase in the threshold con-
These lasers, like the lasers of group 1, are characterizezbntration of current carriers due to an increase in losses with

by an anomalous temperature dependence anf8-siraped increasing temperature.

current—voltage characteristic. As the temperature is raised, a In the given double heterostructures, the discontinuity in
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In lasers based on type-Il heterojunctions a large spread
in the degree of polarization was observ#us can be seen
from Fig. 4b, but for the structures shown in Fig. 3 it is not
seen, which probably reflects the influence of imperfection
of the heterojunction and, consequently, transformation of
heavy holes into light holes, or the coexistence of processes
of recombination of a tunneled-in electron with a heavy hole
and a tunneled-in light hole with an electron.

In lasers of group 2 with an jyGa, 1ASy 935k o7 active
region a type-I heterojunction was realized. The laser photon
energy essentially coincides with the width of the band gap
of the active region and decreases with temperature in accor-
dance with temperature narrowing of the band ¢gaed”
shift). The radiation has TE polarizatio & 85%). The la-
sers have the usual current—voltage characteriBtg: 5).

Type-l heterojunctions are always realized in lasers of
group 3. The current—voltage characteristic, the temperature
dependence of the photon energy of the laser radidtign
and the degree of polarizatian are plotted in Fig. 6, which
also shows the energy band diagram. The photon ertergy
essentially coincides with the width of the band gap of the
active region. All the dependences have the usual form for
radiative recombination in the volume of the active region.

Thus, in double heterostructures in which type-1 hetero-
junctions are formed, interband radiative recombination
takes place in the volume of the active region with the char-
acteristic “red” temperature shift of the laser peak energy,
TE polarization of the laser radiation, and the usual current—
voltage characteristic.

In double heterostructures in which type-Il heterojunc-
tions are realized, radiative recombination occurs between
the electrons and holes located in self-consistent quantum
wells in a narrow region near the heterojunction upon tun-
neling of one of the charge carriers. Such recombination is
accompanied by a “blue” temperature shift of the laser peak
energy, anSshaped current—voltage characteristic, and po-
larization type dictated by the tunneling particle.

We wish to thank N. D. Il'inski for technical assistance.

This work was supported under the program “Optics
and Laser Physics” by the Ministry of Scientific and Tech-
nical Programs of the Russian Ministry of Science, Project
No. 4.14.

*)E-mail: bmat@iropt3.ioffe.rssi.ru; Fax812) 2474324

IN. V. Zotova, S. A. Karandashev, B. A. Matveev, M. A. Remetil. M.
Stus’, and G. N. Talalakin, Pis'ma zh. Tekh. F23, 72 (1997 [Tech.
Phys. Lett.23, 41 (1997)].

FIG. 6. The same as in Figs. 3-5, but for samples of the third group.2M. Aidaraliev, N. V. Zotova, S. A. Karandashev, B. A. Matveev, M. A.
Structures 216a,b and 213(c).

Remenny, N. M. Stus’, and G. N. Talalakin, Pis'ma zZh. Tekh. Fez, 12
(1998 [Tech. Phys. Lett24, 47 (1998].
3B. N. Baranov, T. N. Danilova, O. G. Ershov, A. N. Imenkov, V. V.
Sherstnev, Yu. P. Yakovlev, Pis'ma zZh. Tekh. FI8, 6 (1992 [Tech.

t_he valence b_and is significantly greater than in the conduc- ppys | et 18, 62 (1992].

tion band, which ensures good hole containment. In most of' T. N. Danilova, A. P. Danilova, O. G. Ershov, A. N. Imenkov, M. V.
the lasers, TE polarization of the laser radiation was ob- Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovodn.
served: therefore, the main contribution to the radiation prob-,3% 1392(1997 [Semiconductor§1, 1200(1997].

T. H. Glisson, J. R. Hauser, M. A. Littlejohn, and C. K. Williams,

ably comes from recombination of a tunneled-in electron ; gjectron. Mater7, 1 (1978.
with a heavy holdFig. 4d.

6S. Adachi, J. Appl. Phys58, R1(1985.



Semiconductors 33 (2), February 1999 Aldaraliev et al. 205

M. Aidaraliev, G. G. Zegrya, N. V. Zotova, S. A. Karandashev, B. A. °0. B. Gusev, M. S. Bresler, N. V. Zotova, and N. M. Stus’, Fiz. Tekh.
Matveev, N. M. Stus’, and G. N. Talalakin, Fiz. Tekh. Poluprovo2,. Poluprovodn26, 735(1992 [Sov. Phys. Semicon@6, 415 (1992].

246 (1992 [Sov. Phys. Semicon@6, 138 (1992]. 100, V. Konstantinov, V. I. Perel’, and B. V. Tsarenkov, Fiz. Tekh. Polu-
8N. A. Gun’ko, G. G. Zegrya, N. V. Zotova, Z. N. Sokolova, N. M. Stus’, provodn.3, 1039(1969 [Sov. Phys. Semicon®, 873(1970].

and V. B. Khalfin, Fiz. Tekh. Poluprovodid1, 1396 (1997 [Semicon-

ductors31, 1242(1997)]. Translated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 33, NUMBER 2 FEBRUARY 1999

High-power light-emitting diodes operating in the 1.9 to 2.1 — pm spectral range

T. N. Danilova, B. E. Zhurtanov, A. L. Zakgeim, N. D. Il'inskaya, A. N. Imenkov,
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(Submitted May 14, 1998; accepted for publication May 20, 1998
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Light-emitting diodeSLED’s) operating in the spectral range +.9.1um have been fabricated

by liquid-phase epitaxy on the basis of AIGaAsSh/GalnAsSb double heterostructures with

a high Al (64%) content in the wide-gap regions. The design of the LED makes it possible to locate
the active region near the heat-removal elements of the housing, and pass the light through

the GaSb substrate, which is completely unshielded by the contact. The LED’s are investigated in
the quasi-continuou€CW) regime and pulsed regime at room temperature. The optical

power of the LED’s possesses a linear current dependence over a wide range of currents. A CW
optical power as high as 4.6 mW and a peak optical power of 190 mW in the pulsed

regime were achieved at room temperature. It is shown that the transition from linear to sublinear
current dependence of the optical power is governed by Auger recombination in the pulsed
regime at pulse durations as low asuS. © 1999 American Institute of Physics.
[S1063-782629)01602-9

1. The spectral range 1-92.1 um encompasses absorp-
tion lines of water vapor, CQ and other gases, which
makes radiation sources in this spectral range promising fol a
the construction of gas-analyzers. Devices for measuring hu — /——j ]
midity are widely used in technological applications, particu- PSRt =~ yi A; Q
larly for process monitoring.Radiation sources in this spec- [ wacos / \
tral range can also be used in medicine, for example, to :
measure the sugar level in blood. Y

Despite the fact that lasers in this spectral range work at
room temperaturé;® in a number of practical applications
not requiring high spectral resolution, light-emitting diodes

100

(LED’s) and even thermal radiation sources are used. Laser v v
are, on the one hand, more expensive and, on the othel

aligning the narrow laser line with the absorption lines com- b

plicates the measurement setup when precision temperatul 1000

control is employed. In comparison with thermal radiation
sources, LED’s have the advantage that they emit a rathe
narrow spectral line and therefore do not require the use of
optical filters, and, additionally, allow one to use electrical
modulation instead of mechanical.

The present paper is a continuation of our papers on the 8
fabrication and testing of LED’s based on GalnAsShb/
AlCaAsSb heterostructures that emit in the spectral range

1.8-2.2um.5=° Our aim in this study was to develop an
LED design and then fabricate and test LED’s with mini-

mized thermal resistance, which makes it possible to increas: c

the external quantum yield and current interval in which the pconioct

radiation intensity is proportional to the current. 2 é pcontact
2. The investigated LED’s were fabricated by liquid- -—é

phase epitaxy¥LPE) on the basis of GalnAsSh/AlGaAsSb | ‘

heterostructures grown on a-GaSb (1000 substrate
tellurium-doped to a free electron concentration of-(®)

%107 cm™3. The LED's had a structuréFig. 13 in which FIG. 1. Design of thg light-emitting dioda — arrangement of Igyers qf the
structure b — front view of the contact surfaces — cross-sectional view.

th.e narrow-gap active layer is sandwiched between tWQjnear dimensions are given in microns. The arrows indicate the direction
wide-gap emitters. The advantage of the structure of LED’$y which light leaves the structure.

1063-7826/99/33(2)/4/$15.00 206 © 1999 American Institute of Physics
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with two wide-gap emitters in comparison with one wide- (
band emitter was demonstrated in Ref. 8. All of the grown
layers were isoperiodic with the substrate. The lattice mis-
match between the substrate and the narrow-gap layer was 1.0+
Aala=(8—9)x10 4, and between the substrate and the
wide-band layer 1.3210 3. A narrow-gap layer of compo-
sition Ga _,In,AsySh, _,, wherex~0.1, andy~0.08, was
doped with tellurium to a free electron concentration of (7
—8)x10%cm 3. The thickness of the narrow-gap layer
was 2um. The wide-gap layers were grown with a
greater Al content than in the wide-gap layers of the
LED’s studied previously;® and had the composition
Al 6458 36ASp 445 956. The wide-gapN-layer was doped
with tellurium to a free electron concentration of 6
x 10 cm™3. The wide-gagP-layer was doped with germa-
nium to a free hole concentration10'¥cm™3. The thick-
ness of theN-layer was 1.5um. The thickness of thB-layer
was 1.7um. With the aim of creating a low-resistance con-
tact, the wide-gapP-layer was coated with a layer of R
P*-GaSb with a high level of doping and a free hole con-
centration in it~10"cm™3. The thickness of this layer was
~3 um.

The calculated value of the width of the band gap at
room temperature in the narrow-gap region wés

Optical outpul,arb.unils
E?

~0.64eV, and in the wide-gap regioBy,=1.23 eV. or

The LED design shown in Fig. 1 was optimized to lower 1 1 1 R '
the thermal resistance and increase the radiation yield. Ac- 7.6 .8 2.0 22 2.4
cordingly, circular mesa-diodes are first created using photo- Wayelength, pm

lithography with deep etching into the substrate from the
grown epitaxial structures. Contacts are then deposited oG- 2. Emission spectrum of an E-41 N 21 LED, quasi-continuous power
the diode structure in such a way that thendp contacts are supply, current 100 mA, room temperature.
located on one surface. A view of the LED looking down on
the contact areas is shown in Fig. 1b. A silicon wafer pos-
sessing good thermal conductivity serves as electrical insypulses with duration4€) 5, 10, and 2Qus with pulse repeti-
lation for the contacts. Contact layers were deposited on thison rate equal to 1kHz. The LED’s were investigated at
wafer by photolithography. The contact layers of the LEDroom temperature.
were then soldered to them by first aligning and then heating 3. The emission spectra at room temperature contain one
them. An overall cross-sectional view of the LED is shownband(Fig. 2). The dependence of the peak wavelength on the
in Fig. 1c. In this design the active region is located closer tacomposition of the solid solution in the active region is es-
the heat-transfer element than in the case where it lies on sentially linear and varies from 1.9 to 2un. The half-
thick substrate. Light from the active region leaves the strucwidth of the emission band, i.e., the full width at half-
ture, as shown by the arrows in Fig. 1a, through the submaximum(FWHM), is 0.17um at a current of 50 mA and
strate, which is completely unshielded by the contact. 0.18um at a current of 200 mA. As the current is increased
On the outer surface of the LED an epoxy compound ifrom 50 to 200 mA, the peak shifts toward longer wave-
deposited in the form of a lens of height2.4 mm, expand- lengths by 0.0150.017xm.
ing the radiation flux to a divergence of 2@0° at half- The optical power P) and its dependence on the injec-
maximum. tion current () of the investigated LED’s in the quasi-
For the investigated LED’s we measured the emissiorcontinuous regime is plotted in Fig. 3. The maximum value
spectra, the dependence of the optical output power on thaf the optical power, 4.6 mW, was obtained at a current of
current, the quantum yield, and the current—voltage charac200 mA. In the current interval 50200 mA the dependence
teristic. P(l) is essentially linear. At large currents the measurements
The spectral characteristics of the LED’s were investi-were made in the pulsed power regime, but the pulse dura-
gated with the aid of a standard synchronous detectiotions were limited to microsecondBig. 4). As can be seen ,
scheme, an MDR-2 monochromator, and a GalnAsSb-basedd this case the dependeng¥l) is essentially linear up to
photodiode as the receiv¥tThe optical power was recorded currents~520 mA. The dependence then becomes sublinear
by an IMO-2M power meter. The measurements were perfor all three pulse durations=5, 10, 20us represented in
formed with the LED’s powered in the quasi-continuous re-the figure. The maximum achieved peak optical power was
gime by current pulses of meander type with a pulse repetil90 mW at a current of 1.4 A for a pulse duration oz and
tion rate of 400Hz and in the pulsed regime by currentpulse repetition rate of 1 kHz.
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FIG. 3. Dependence of optical power on current in the quasi-continuous L‘urrent,A

regime at room temperature for an E-41 N 21 LED.

FIG. 4. Dependence of optical power on current in the pulsed regime at

. . . rpom temperature for a T-41 N 21 LED. Pulse duratigrl — 5, 2 — 10,
The measured external quantum yield of the mvestlgatego_ 20 Ppulse repetition rate 1 kHz "

LED’s was~4% at room temperature.

Measurement of the current—voltage characteristics of
the investigated LED’s showed that at room temperature for
forward bias they have a rectilinear segment, giving a cutofincreased to~520 mA in the pulsed regime when using mi-
of 0.5V and a slope corresponding to a residual resistance icrosecond pulsed-ig. 4). The appearance of a sublinear de-
the range 2.2 2.8(). pendence iP(1) with further increase of the current may be

4. Let us discuss the results which we obtained. due to two factors—heating of the active region and increase

The LED’s which we investigated had some improve-in current losses due to Auger recombination. If we represent
ments over the LED'’s fabricated and investigated by ughe dependencB(l) as a power lawP~1", then in the case
earlier®=° First, they have wider-gap emitters with Al con- where its sublinearity is governed by Auger recombination,
tent~64%, and second, the design of these LED’s makes ishould be 2/3. Analysis shows that in the pulsed regime for
possible to locate the active region closer to the heat-transfée>0.520 A andr=5 usn=2/3, forr=10usn=11/21, and
part of the housing and lead the radiation out through thdéor 7=20us n=2/7. This implies that for a pulse duration
substrate, which is unshielded by the contact. of 5 us the sublinearity of the dependerieél) is governed

It should be noted that the Al content of the AlGaAsSbby Auger recombination. Decreasing the pulse duration be-
wide-gap layers obtained by liquid-phase epitaxy64%) is  low 5 us does not lead to an extension of the segment of the
a record. dependenc®(l) at currentd >0.520 A. For the pulse dura-

The values of the series resistances of the LED’s showions 7=10 and 2Qus the sublinearity of the dependence
that despite the increase in the width of the band gap of th®(l) is governed not only by Auger recombination, but also
emitter layers, the use of a heavily dopBd layer in the by heating.
pre-contact region proved to be sufficient to keep the series The peak optical power of 4.6mW in the quasi-
resistances from growing in comparison with the series reeontinuous regime and 190 mW in the pulsed regime are
sistances of the previous LED’sNevertheless, the current significant values for spontaneous emission sources in the
heating of the active region of the investigated LED’s waswavelength region-2 gum.
considerable since the maximum of the emission spectrum In summary, the use of a symmetric double heterostruc-
shifts toward longer wavelengths and some broadening dure with high Al conten{64%) in the wide-gap regions and
the emission band also takes place as the current is increastiet development of a design, which can be used to locate the
from 50 to 200 mA in the quasi-continuous regime. How- active region near the heat-removal base of the housing and
ever, this heating is rather moderate and the dependendead the light flux out through the substrate unshielded by the
P(I) in this current interval remains essentially lind&ig. contact has made it possible to obtain LED’s that emit at
3). The dependende(l) also remains linear as the current is higher optical power levels: 4.6 mW at a current of 200 mA
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Rapid tuning of the generation frequency of InAsSb/InNAsSbP diode lasers (A=3.3um)
due to nonlinear optical effects
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A study has been made of wavelength tuning in double heterostructure InAsSb/InAsSbP-based
diode lasers. A simple mathematical model, which takes into account the spatially
homogeneous injection and the dependence of the dielectric constant on the charge carrier
density, is discussed. The wavelength can be increased or decreased, depending on the pump
current and diode structure parameters, as is observed experimentally. The process of
wavelength tuning proceeds with virtually zero delay time since it is determined by the photon
lifetime in the cavity and in part by the lifetime of nonequilibrium charge carriers.

© 1999 American Institute of Physids$1063-782809)01702-0

1. A key element of high-resolution diode-laser spec-thickness of the active region wasudn and the strip width
trometers is a tunable diode semiconductor laser. Previouslyaried in the limits 15-20um. Laser diodes with length of
the generation frequency of the laser was usually varied byhe Fabry—Perot internal cavity 27850um were obtained
heating of the active regiolt® This limited the response by cleaving. The tuning processes were investigated at 78 K.
time of the laser spectrometers to a few milliseconds. The laser was investigated both in the pulsed power regime

It has recently been discovered how to tune the genera-
tion frequency of a diode laser by varying the current with a
speed exceeding the thermal relaxation f&t&he wave- a
length of the radiation decreases when the current exceeds a
threshold value by less than 40%, and at higher currents it
increases. The decrease in the wavelength was linked with an
increase in the concentration of nonequilibrium charge carri-
ers in the active region, and the increase was linked with
self-focusing of the radiation. In a subsequent wbdq the
basis of a comparison of the tuning characteristics of the
lasers with collocated and separated electron and optical con-
finement it was shown that the dependence of the wavelength
on the current is enhanced when the spreading of the injec- 0.5
tion current over the area of the active region is reduced.

In this paper we report the results of an ongoing experi-
mental study of current tuning of the radiation wavelength 1 _—
initiated by us earlief~° We will also establish an experi-
mental and theoretical basis for wavelength tuning due to
nonlinear optical effects. z, arb. units

2. For this study we fabricated lasers based on
N-InAsSh, 1P 35/ N-INASShy o5/ P-INASShy, 1 P35 double
heterostructureg-ig. 1) with a high level of homogeneity of
their electrical and optical properties and pump density over
the area of the active medium. The structures were obtained
by liquid-phase epitaxy on InAs substrates oriented in the
[100] crystal plane. The narrow-gapInAsSb active layer
was intentionally left undoped. The carrier density in it was
n=10%cm 3. InAsSbP wide-gap layers served for both
electron and optical confinement. ThelnAsSbP layer was
doped with tin to an electron concentration of . . . .

8. 3 . . FIG. 1. Structure of the investigated diode laser— arrangement of epi-
2X10%cm , the P-InAsSbP layer was obtained by doping taxial layers b — layer-by-layer profile of the width of the band gap, ¢ —
it with zinc to a hole concentration ofX410"¥cm 3. The  design of a mesa-strip laser.

n-InAs
n-InAsSbP
n-InAsSb
p-InAsSbP
n-InAs

T

Ey,eV
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and in the constant current regime, on which a sawtootldicular to thep—n junction and in the plane parallel to it.
current was superimposed. The constant current was set 3. Let us consider the experimental results. When the
equal to the threshold curreht,. The amplitude of the saw- laser was driven by a sawtooth currdift) (Fig. 23, the
tooth term was chosen such that the laser generated primarilgtensity of the radiation passed through the external cavity,
one spectral mode over the entire interval of variation of theP(t), had a sawtooth shape and was modulated by a sine
current. The frequency of the sawtooth current was set fromvave (Figs. 2b and 2c The modulation arises as a result of
107 to 10* Hz. The pulse duration in the pulsed power regimevariation of the laser radiation wavelengthwith the cur-
was varied from 1@s to 4 ms, and the pulse duty factor was rent, whereupon it traverses the transmission interference
set at 100. Tuning of the frequency of the the generatetbands of the outer cavity.

radiation was investigated by passing the output laser light Let us consider the operation of the external cavity. The
through an external Fabry—Perot optical cavity with varyingcondition for interference maxima of the radiation that
optical length. As cavities we used silicon wafers of thick- passes through the cavity is

ness 47 and 11.2 mm. The optical signal was detected by an

InSh-based photodetector and was amplified by a differential ~ 2/nrcosr=ma, @

?(r)r:]plg;ek:.r \fgzt(')?ncg\]:i:he dgﬁ\t‘gi dra;/ Pefgljztr)%u%? ::s Is;!;}wherem=1,2, ... is theorder of the interference maximum,
y y is the lengthn, is the refractive index of the external cav-

_2 . . .
wavelength of 210" A, In_ a(_jdltlon, we investigated the ité/, andr is the angle between the normal to the plane of the
spectral makeup of the radiation and the dependence of the’ . L2 : L
directivity diaaram on the pump current in the plane per en_c:aV|ty and the direction of propagation of the ray in it. From
y diag pump P perp Eqg. (1) we obtain the variation of the radiation wavelength

between maxima:

125 A2
< 100 AN= 2\(n,—\dn,/d\)cosr )
£
—_ % Experimentally, AN was found to be 0.36A for
50 |=47mm and 1.5A at=11.2 mm for\ =3.3um. By vary-
0 700 200 ing the angler it is possible to determine the direction of
10 t, s variation of the radiation wavelengkhwith the current since
according to Eq(1) A decreases asincreases for fixedn.
b Thus, if A decreases with growth of the current, the sine

waves on the oscilloscope screen will move to the right as
is increased. The opposite dependence is also valid. Experi-
mentally, the sine waves on the oscilloscope screen are ob-
served to move to the right and to the leftras increased
(Figs. 2b and 2c As a rule, in lasers with a small strip width
Vd (16 um) the radiation wavelength at first increases slightly
as the current is raised, and then decredb@g 2b. The
positive shift reaches 0-31 A when the current exceeds the
v, threshold by 5-15%, and the negative shift reaches
0 11;0 200 3—5A when the current exceeds the threshold by a factor
of 2 (Fig. 33. These lasers emit the longitudinal spatial
mode with half-widthA 6~ 13— 14° (Fig. 3b.

In the lasers with a somewhat greater strip width
(20um), following the decrease of the wavelength with
growth of the current it was observed to increéBm. 20.

The decrease of the wavelength reachad=3—5 A at
currents 26-30% greater than the threshold curréfig.
3a). The subsequent positive shift reached 16 A when the
threshold was exceeded by more than a factor of 2. The
longitudinal mode also predominates spatially. When the
current exceeded the threshold by less than 30%, the half-

P, arb. units
)
W
I

P, arb.units
<
(<3
1

o 7 777 width of the directivity diagram wad #=10—11°; it then
t,ps increased with increasing current and reached 20° when the
threshold was exceeded by a factor of 2.
FIG. 2. Oscilloscope traces of the feed curreijtfor a structure with strip The tuning intervals on the positive and negative sides

width 16(1) and 20/Lm (2) (a) and the intensityl(’) of the laser emission of remain constant when the sawtooth pu'se repetition fre-
a structure with strip width 1g.m after passing through an external Fabry— : : :

Perot resonator of length 47 mfb), and of a structure with strip width quency ,Wa‘s Va‘”ed,by a faCto,r of 1OBIg' 4)' The amp“tUde
20um after passing through a cavity of length 11.2 nieh The arrows ~ Of the sSine waves In the oscilloscope tra(_:? decreased some-
indicate the direction of movement of the sinusoidal waves. what with increase of the sawtooth repetition frequency be-
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FIG. 3. Dependence of the change in the laser radiation waveldngtia)
and of the half-width of the directivity diagramé (b) on the ratio of the
feed current to the threshold currdrity, for lasers with strip width 161)

and 20um (2).

cause of a decrease in the photodetector gain. The frequeng
of the sine waves reached X30° Hz. This corresponds to a

response time no worse thanus.

P, arb, units

FIG. 4. Oscilloscope traces of radiation that has passed through an extern&l
cavity of length 47 mm, for the 2@-m strip width laser driven by a saw-
tooth current with a periodin millisecond$ equal tol — 0.16,2 — 1.6,

3 —16.

t, arb. units
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FIG. 5. Oscilloscope traces of radiation that has passed through an external
cavity of length 47 mm, for the 2@-m strip width laser driven by a saw-
tooth current(@ and a pulsed currerib).

The variation of the laser radiation wavelength during
one growth period of the sawtooth current proved to be sig-
nificantly greater than for a rectangular pulse with duration
ual to the period of the sawtooth currdfig. 5). This
proves that the main reason for variation of the radiation
wavelength during current growth is not laser heating due to
the current.

The experimental results reduce to the following.

1) In N-InAsSbP h-InAsSb /P-InAsSbP laser structures
it is possible to obtain significant current tuning of the radia-
tion wavelength both in the direction of increase and de-
crease.

2) The time constant of current tuning was not found
experimentally to exceed is.

3) Variation of the wavelength was not due to heating or
cooling of the laser.

4. Let us analyze the experimental results. From the ex-
perimental data given above it follows that current tuning of
the radiation wavelength is not controlled by changes in the
temperature of the material of the active region of the laser.
In Ref. 7 we suggested that the short-wavelength shift of the
radiation wavelength is connected with an increase in the
concentration of nonequilibrium charge carriers, and the
long-wavelength shift is connected with self-focusing of the
radiation. This was based on the previod8lstablished fact
that the intensity of spontaneous emission increases with the
lirrent above threshold, on the self-focusing effect which we
observed at currents exceeding the threshold current by more
than 40%, and on the decrease in the dielectric constant of
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(6)

the semiconductor as a result of an increase in the concen- Ni—No [ G,— N
tration of nonequilibrium charge carriers. N_N°:1+,87-N (N N 1).
. . . [ th 0

The concentration of nonequilibrium charge carriers at
the edges of the strip can significantly exceed its thresholavhereNy, is the nonequilibrium carrier concentration at the
value since the laser radiation intensity here is equal to zertasing threshold. Using Ed6), we can write an expression
due to the arrangement along the edges of the strip of nodder the dielectric constant in terms of the dielectric con-
of the electromagnetic wave; as a result, only spontaneowiant at the inversion thresholg and the photon density
recombination occurs here. Far from the edges of the striNe :
the carrier concentration can be even less than threshold due 1
to the high rate of induced recombination. Therefore, the  ¢=z,+ s¢, (
dielectric constant in a working laser decreases toward the 1+B7Ng
edges of the strip, thereby creating conditions for self- dn
focusing. This effect increases with increasing homogeneity 580:2nm(Nth— No).
of the pumping, i.e., with decreasing dispersal of carriers
over the area of thp—n junction. The propagation constant Using Eq.(7), we write the Helmholtz wave equation in the
of the electromagnetic wave along the strif) (which char-  form
acterizes the propagation velocity of the laser radiation along
the strip, has a value intermediate between the dielectric con- @+ (2_77)2 o~ +(2_7T> 2 i+1
stant on the edge of the strip and at its center. It can be both  ¢y?2 A (ei=8)u A 8°1+ u?/D !

less than or greater than its value at the threshold of lasing in 5 ) _
the absence of laser radiation. whereD =# w87/ Bn*, andi=(G7—Ng)/(Nn—No) is the

Let us calculate the propagation constantn their ear- relative excess of the current above threshold. A change in

lier studies, Eliseev and Bogatthshowed that self-focusing l€ads to a change in the laser wavelength:

is caused by the dependence of the dielectric congtaot N

the amplitude of the electromagnetic wave. This has to do AN=—A=. 9)
with the nonlinearity of the optical medium of the laser. 2e

However, the question of the propagation constant of the  Note that Eq.(8), in contrast to the analogous E(.4)

electromagnetic waves, which governs its wavelength, re- in Ref. 11, contains the quantifyin its third term. Sinces

mains open. depends oni?, Eq. (8) reflects the nonlinearity of the optical
We consider a mathematical model in which the currenimedium of the laser.

density does not vary over the area of the laser and there is |n the case in which there is an inflection point in the

no spreading, i.e., the pump is spatially homogeneous. Wgurveu:f(y) Eq. (8) allows one to expressin terms of the

start with the existence of a concentration dependence of thg,,e amplitude at this poini,,

dielectric constant

Gr— Nth 1) , (7)

Nth_ No

=0, (8

+4 i+l (10)
dn e€=¢girogg 5 -
e=ei+2n 75 (N=No), (3) 1+u3/D
From Egs.(4) and (5) we calculate the local lifetime of a

whereg; is the dielectric constant at the inversion threshold,photon in the cavityrg,
n is the refractive index of the active medium, aNg is the

) . ; . (1+B™MNg) 1 1
concentration of the charge carriers at the inversion thresh- 7, = R
old. The conditions of constancy in time of the concentration (Njw—No) (1+1i) B
of charges of the nonequilibrium current carriéteind pho-  op, the other hand, the photon lifetime in the cavity is
tonsNg have the usual fornmt

(11)

~ N 1
dN N o= a—z (12
Gt ~ 6~ 7 ~BANa(N=Ng)=0, 4
where o is the effective absorption which corresponds to
dN N the sum of all radiation losses. To hold the radiation flux
P i) . L.
i = BNg(N—Ng) — . -0, (5) constant, we must satisfy the condition

—dy==— Ngpdy. (13

fblz Ng 1 (b2
~-b2 To TgpJ —bl2

whereNg=u?n?/fw87, 7 is the lifetime of the nonequilib-
rium charge carriers3 is the differential gainG is the pump
density of nonequilibrium charge carriers,, is the local ~ This condition expresses the possibility of an overflow of
photon lifetime,u is the amplitude of the electromagnetic radiation generated in one region whegg(y=0) is smaller
wave, andiw is the photon energy. We assume the pumpinto another region wherey, is larger fy==*b/2), i.e., from
densityG to be independent of the coordinates. From @yy. the edges toward the center. This condition along with the
we obtain dependence of on the radiation intensity is a manifestation
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of the nonlinearity of the optical medium of the laser. For ayals of variation ofA= andA). An increase in\ is observed
known distributionNg = f(y) Eq. (13) can be used to relate only in the lasers with a wide strip (20m), where self-
the radiation intensity to the current. focusing takes placéFig. 3a, curve?), and hereA\ . ex-

Let us determine the nature of the dependence mfii.  ceeds/A\_| by a factor of 4.
For a small excess of the current above the lasing threshold, To estimate the delay time of the process of current tun-
where the influence of the radiation on the dielectric constaning, it is necessary to allow for the fact that the dielectric
is still insubstantial, optical confinement is governed by theconstant depends on the concentration of nonequilibrium
jump in the dielectric constant at the boundary between theharge carriers, which in turn depends on the rates of in-
crystal and the external medium. The distribution of the am-duced and spontaneous recombination. The dependence on
plitude of the electromagnetic wave over the width of thespontaneous recombination is attributable to a more rapid
strip for the zeroth spatial mode in this case is a cosine. Thancrease in the carrier concentration at the edges of the strip
zeroth spatial mode is the most probable one because of thiban its decrease at the center of the strip. This is the main
weak optical confinement in the direction perpendicular toreason for growth of the spontaneous emission with growth
the plane of thep—n junction. Such a distribution corre- of the current above its threshold value.
sponds to the value=¢&,— (A/2b)2. A more detailed treat- In reality, post-threshold growth of the charge carrier

ment shows tha# increases weakly with the current becausetoncentration is at least three times slower than its pre-
of the excess value of the dielectric constant in the center dfiréshold growth. Consequently, the effect on the laser

the strip. When the decrease in the dielectric constant at th¥@velength of spontaneous recombination is weaker than the
edges of the strip reaches the valug2p)?, the inflection effect of induced recombination. The photon lifetime in the

. . 712 - . .
point of the curveu=f(y) turns out to be inside the strip. cavity is~10"*“s, and the lifetime of the charge carriers for

Equation(10) can be used to determime It is used when the iﬁﬁgﬁnﬁ#ﬁ reccr)cr)rg)lzg;atlc;]r::lgn I‘Z tg;ﬁég; ggnjzﬂg]egzch
current exceeds the lasing threshold gp y '

rapid tuning from the standpoint of laser spectroscopy is
Al A\ 2 dn nearly instantaneous.
th

2b anN In summary, by using a simple mathematical model,

18 which takes into account the spatially homogeneous pump-
for b=0%§/m}3”=3-6; dn/dN=0.3x10""cnr, and Ny, jhg and the dependence of the dielectric constant on the
=6X10"cm"". This is manifested experimentally in our charge concentration, it is possible to qualitatively explain
case in the moderate growth af with the current when

, ) the available experimental results. The arising laser medium
it exci;ads its threshold value by less than 1(Bg. 3a, s gptically inhomogeneous. This leads to a change in the
curvel).

i o ) . laser wavelength with variation of the current toward larger
Equation (10) implies the following. First of all, for 504 smaller values. As follows from a theoretical analysis,
i<1 andui/D<1 the inequalitye<ey, is satisfied. Note for a small current excess above its threshold value the wave-
thatey,=¢;+ de, de0<0. The quantitys decreases sublin- length is expected to increase and then decrease. With further
early with growth ofi. An approximate solution of Eq8) increase of the current the wavelength can again increase.
for b>\ shows that the decrease®@fhould give way to an  The magnitude of the wavelength shift depends on the qual-
increase ai=1.5, i.e., when the current exceeds its thresholdty of the structure and the cavity parameters. The variation
value by of the laser wavelength with the current is due to quantum
effects and, to some extent, the spontaneous lifetime. Such
ﬂzllsNth_ NOI (15) tuning from the standpoint of laser spectroscopy is nearly
lh Nin instantaneous.
This work was supported in part by contract with INCO-
Copernicug Contract No. 1C15-CT97-080DG12-CDPH]
and by a grant from the Russian Ministry of Science under
the program “Optics and Laser Physics.”

The decrease ia is Az _=0.1]5g,|. In the structure corre-
sponding to curve? in Fig. 3a, this happens whefl/l,
=0.4. Using Eq.(15), we can evaluate the quantitNg,
—Ng)/Ny, for the given laser; we find it to be equal to 0.27.
Correspondingly de, is equal to 3.% 10 2, and the wave-
length decrease iA\_=4.5A. The calculated and experi-
mental values oA\ are of the same order of magnitude.
Second, fori>1, when u¥D>1, because of self- *'E-mail: yak@iroptioffe.rssi.ru; Fax812 247 0006

focusing, we find that > &, and it increases with increasing

currenti. These two segments of dependencezobn i

should be joined smoothly by a curve with a positive slope.
he i =~ A~ inal 1V. G. Avetisov, A. N. Baranov, A. N. Imenkov, A. |. Nadezhdingkh. N.
The increment ot can exceedri 8*| and, correspondlng Y, Khusnutdinov, and Yu. P. Yakovlev, Pis’'ma Zh. Tekh. Hi, 66 (1990

AN, can exceedA\ _|. It should be noted that the above [Tech. Phys. Lett16, 70 (1990)].
estimates correspond to strictly homogeneous pump|n92V G. Avetisov,_ A. N. Baranov, A. N. Imenkov, A. |. Nadezhdinskiy,
Spreading of the charge carriers over the surface of the strig” - Khusnutdinov, and Yu. P. Yakovlev, Proc. SP1#24 83 (1992.

. . . . L A. N. Baranov, T. N. Danilova, O. G. Ershov, A. N. Imenkov, V. V.
will substantially increase the intervals of variation of the gherstnev, and Yu. P. Yakovlev, Pisma zh. Tekh. Fig, 6 (1992
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The possibility of using liquid-phase epitaxy to obtain;Gdn,As, Sb, _, solid solutions

isoperiodic with GaSb near the miscibility boundary is investigated. The effect of crystallographic
orientation of the substrate on the composition of the solid solutions grown in this way is
examined, and the indium concentration is observed to grow from 0.215 to 0.238 in the
Ga,_In,As,Sh; _, solid phase in the series of substrate orientatid@$), (111A,

(111)B. A change in the composition of the solid solution leads to a shift of the long-wavelength
edge of the spectral distribution of the photosensitivity. The use of a @43)B substrate

made it possible, without lowering the epitaxy temperature, to increase the indium content in the
solid phase to 23.8% and to create long-wavelength photodiodes with spectral
photosensitivity threshold,=2.55um. The primary characteristics of such photodiodes are
described, along with aspects of their fabrication. The proposed fabrication technique

shows potential for building optoelectronic devidéasers, LED’s, photodiodg@dbased on
Ga,_,InAs,Sb, , solid solutions with red boundary as high as 2. © 1999 American
Institute of Physicg.S1063-782609)01802-3

1. INTRODUCTION diodes with threshold wavelength,= 2.55um based on the
) _ solid solutions Ga ,In,As, Sk, _,/GaSb with composition
The spectral range 1:83.0um is of interest for prob-  pear the miscibility boundary. Aspects of the fabrication and

lems of laser diode spectroscopy of gases and moletulesy distinguishing characteristics of such photodiodes are de-
laser ranging systenfsmedical applicationd,and problems scribed.

of ecological monitoring. The use of the spectral window
2.2-2.4um is especially attractive for problems of gas
analysis since in this spectral range such atmospheric pollut-

ants as Cl, CO, NG, and HCO have strong absorption , pecyARITIES OF LIQUID-PHASE EPITAXY OF
lines while the absorption bands of water vapor and carbo&al_xlnx As,Sb,_,/GaSh SOLID SOLUTIONS NEAR THE

dioxide are weak. MISCIBILITY BOUNDARY
The most promising materials for fabrication of opto-
electronic devices in the spectral range-1380um are mul- The production process of growth of the quaternary solid

ticomponent solid solutions based on gallium antimonidesolutions Ga ,In,As,Sh, _, near the miscibility boundary
(GasSh. However, for Ga ,In,As,Sb,_, solid solutions has several peculiarities which complicate the preparation of
there exists a wide range of compositions that are inaccesuch compounds. Figure 1a plots as functions of the tem-
sible for liquid-phase epitaxyLPE), the so-called immisci- peratureT two independent constraints on the preparation of
bility region® The solid solution Ga xIn,As,Sb; _, can be  GalnAsSb solid solutions isoperiodic with GaSb—the con-
prepared by LPE on a GaSb substrate, such that it is isopstraint of spinodal decaycurve 1) and the constraint pro-
riodic with GaSb only in the range<0x<0.29(the band gap ceeding from the condition of molecularitgurve 2).° The
Ey=0.72-0.50eV), i.e., similar to GaSb in composition, first constraint follows from the conditions of soli)—solid
and in the range 0.4x<1 (E4=0.30-0.24 eV}, i.e., simi-  (Il) phase equilibrium. In the spinodal decay region the solid
lar to InAs in compositior. solutions are diffusionally unstable. The second constraint
Baranovet al.” reported the first long-wavelength laser follows from the conditions of melt—solid phase equilibrium.
structures on a GaSb substrate based on the solid solutioAs can be seen from Fig. 1a, to increase the In content in
Ga, _,In,As,Sh, _, near the boundary of the immiscibility such solid solutions it is necessary to lower the epitaxy tem-
region (wavelengtha =2.5um). However, the photodiodes perature. As the melt is enriched with indium and arsenic, a
based on such solutions that have been described in the lisignificant supercooling of the systginy more than 10 Kis
erature so far have been photodiodes operating at room temequired to suppress the growing tendency of the GaSb sub-
perature with threshold wavelendth, not exceeding 2.3 strates to dissolvE Such supercooling leads to an increase
—2.4um?8-10 in the fraction of bulk crystallization in the melt. Conse-
In this paper we report for the first time the fabrication, quently, the lattice constant of the growing epitaxial layer
with use of liquid-phase epitaxy, of long-wavelength photo-changes. Therefore, we have attempted to exploit the possi-

1063-7826/99/33(2)/5/$15.00 216 © 1999 American Institute of Physics
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a GaSb, and InAs. The intentionally undoped solid solution
Ga _4In,As,Shy _, usually hasp-type conductivity; there-
fore, to obtain epitaxial layers with-type conductivity and

— concentration~ 10— 10'*cm™3, which were then used to

5 S~ prepare the photodiode structures, doping was achieved us-

Biinm ing tellurium contained in the GaSb starting portion. The

= layers were grown in a hydrogen atmosphere in a high-purity

graphite cassette of cylindrical form in a horizontal reactor.

Layer growth was initiated by supercooling the melt before

673 pouring it onto the substrate. The epitaxy temperature at

which it is possible to obtain isoperiodic solid solutions

7 .7 0.2 0.3 (Te=597 °O was determined experimentally.

x X-ray diffraction studies revealed a high quality of the
grown layers which were isoperiodic with GaSh. The lattice
1.6 mismatch of the layer and substrate was smalafa<8
x 10~ 4. The chemical composition of the solid solutions
was determined on a JXA-5 “Camebax” x-ray microana-
2.0 lyzer.

We observed the interesting effect of the influence of the
crystallographic orientation of the substrate on the composi-
tion of the solid solutions. Our results reveal that the indium
concentration grows from 0.215 to 0.238 in the solid phase
440 Ga.i,XInXAsySbl,y as one runs through the series of prien-

tations of the GaSb substra(@00), (11DA, (111)B while
45.0 holding constant the composition of the liquid phase and all

q,’z =7 conditions for preparation of the layers. Such a trend in the

composition of the solid solution leads to a shift of the long-

FIG. 1. a — Existence domain of isoperiodic solid solutions Wavelength edge of the photosensitivity spectral distribution

Ga In,As,Sh,_,/GaSh ¢~0.%), bounded by spinodal decay) andby as we  observed for the three types of

the_ conditi_on of molecularity2). b — dependence_ of the bgnd gap of the Gal_XInXAsySbl_y-based structures grown from liquid

solid solution Ga_,In,As,Sb; _, on the In content in the solid phase, at = .

300 (1) and 77 K(2). phase of the same molecular composition on substrates with

different orientations af =597 °C (Fig. 29. This trend is
similar to the effect of varying the In content in the liquid

bility of increasing the In content in such solid solutions by Phase (Fig. 2b. For Ga_,InAs,Sh solido solutions
only varying the orientation of the substrate without varyinggrown on GaSK100) substrates af=597-600 °C we were
the epitaxy temperature. not able to obtain structures with threshold wavelengih
To calculate the phase equilibrium diagrams, we em@reater than 2.4m while the use of a GaSti11)B sub-
ployed the method based on an original thermodynami&trate allowed us to achieve,=2.55um.
model proposed in Ref. 12. The observed effect of the influence of the crystallo-
The band gafE, of Ga,_,In,As,Sh, _, solid solutions graphic orientation of the substrate can be explained in terms
isoperiodic with GaSby~0.9) was calculated as a func- of the free energy by the greater difficulty of formation of

tion of the In content in the solid pha&g,=f(x) at 300K nuclei on(100 faces since the surface energyof the prin-
according to the interpolation formdfa cipal faces of the substrate for Ill-V semiconductors satisfies

the relationt*
E4(X)=0.7281—x)+0.2%—0.6¢(1—X).

As can be seen from the curves in Fig. 1b calculated from (111 y(lOO)/\/g. @
formula (1), increasing the indium content of the solid solu- Correspondingly, the work of formation of the nuclei during
tion leads to a decrease &;. Consequently, to shift the epitaxial growth is greater for €00 face than for #111)
threshold wavelength, of a photodetector toward longer face. In addition, the polarity of the properties of the sub-
wavelengths it is necessary to use;Gan,As,Sh; _, solid strate in the(111) direction has an effect on the structure of
solutions in the active region that are as indium-enriched athe layers, which is explained by peculiarities of the structure
possible, i.e., with composition near the miscibility bound-of the (111)A and (111)B planes and nucleus formation on
ary. them.

The investigated structures were grown by LPE on GaSb
substrates withn-type conductivity. They were doped with
tellurium (Te) to a concentration of (35)x 10" cm 2 and
had different orientation£100), (111)A, and(111)B. As in-
gredients of the starting mixture for the epitaxial layers  To build a high-efficiency, long-wavelength photodiode
Ga, _,In,As,Sh,_, we used the binary compounds InSb, based on the solid solution Galn,As,Sh,_, with maxi-
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FIG. 2. Spectral distribution of photosensitivity of structures based on the solid solutianglGas,Sb, _,, grown atT,=597 °C. a — growth from
liquid-phase with the same composition on GaSb substrates with orienfatien(100, 2 — (111)A, 3 — (111)B; indium content in the solid phase
x=0.212(1), 0.226(2), 0.238(3). b — growth from liquid phase of different compositions on Gd$b1)B substrates; indium content in the solid phase
x=0.216(1), 0.225(2), 0.235(3).

mum In content, it was necessary in addition to solve a numdiode was determined in our case by R€ component and
ber of technological problems, such as how to grow awhen operating with a loa& =502 did not exceed 50 ns,
GaAlAsSh “wide-gap” window for efficient delivery of ra- which is a good result for photodiodes with the stated diam-
diation into the structure and how to lower the concentratioreter of the working element. Note that the above value of the
of majority carriers in the active region in order to obtain capacitance is 45 times lower than was reported, for ex-

devices with good response time. ample, in an advertisement published by EPITAXX Corp.,
We prepared and investigated in detail photodiodesvhich describes photodiodes based on the solid solution
based on n-GaSbh-Ga,_,In,As,Sb; ,/ Ga& gdng 1gAS/INP with red limit\ ,= 2.55um, fabricated by

P+—Ga1_XAIXAsySbl_y heterostructures grown on a sub- hydride gas-phase epitaXy.With a diameter of 1.0 mm,
strate with (111)B orientation. As the active medium we EPITAXX photodiodes have a capacitance of
used the solid solution  Gagdng3ASy2Skh79  1400-1800 pF.

(Eq=0.51eV, thickness 2,am), and as the wide-gap win- In addition, there are requirements on the reverse dark
dow we used the solid solution @aAly3ASyosShhe7s  current (4) of the photodetectotthat it be low since the
(Egq=1.2eV, thickness 1.am). On the basis of the layers sensitivity of the photodetector is determined by the dark
grown using standard photolithography we prepared samplezurrent |y (photodiode regime or the shunt resistance
of mesa-photodiodes with diameter of the sensitive element

1.0mm.

The spectral distribution of the sensitivity of a typical 700
photodiode is plotted in Fig. 3 for three different tempera-
tures. As can be seen from the figure, the threshold wave-
length is equal to 2.5am at room temperature. The tem-
perature coefficient of variation of the band gap, defined in
the temperature rangeT=90-295K, is a=-3.3
X 10" *eV-K ™1, We estimated the temperature coefficient of
the shift of the long-wavelength edge of the spectral sensi-
tivity at half-maximum @Qoma) as 1.6nmK™ 1. The
monochromatic current sensitivity at the maximum of the
spectrum  Rpa—=2.2—2.4um) was S,=1.1-1.2 A/W,
which corresponds to a quantum efficiency of-0@7. This
can be taken as a good result since we did not use any special
anti-reflection coatings.

RS

g

Photoresponse,arb.units

Measurement of the current—voltage characteristic /O O T T T WO Y A Y
showed that the impurity distribution in the heterostructure 1.0 1.5). m 2.0 2.5
was sharp, and that the concentration of majority carriers in T

. . NP 5 3 i
the _aCtlve region was Sm_ah'_ (3_ S)X 101_ cm . The ca FIG. 3. Spectral distribution of the photosensitivity of a GaSb/GalnAsSbh/
pacitance of the phOtOd'Ode with total d'ameter 1.2mm akaaiassh long-wavelength hetero-photodiode at temperatiire§0 (1),
zero reverse bias is 450 pF. The response time of the phot@i5 (2), and 295 K(3).
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FIG. 4. a — Dependence of the dark currégton the reverse bias voltage of a GaSb/GalnAsSbh/GaAlAsSb long-wavelength hetero-photodiode at
temperatureS =295 (1), 215 (2), 90 K (3). b — temperature dependence of the dark currénpointy — experiment,2 — theoretical curve for the
generation—recombination curret— theoretical curve for the diffusion current.

Ro=(dU/dIl)y-o (photovoltaic regimg Both parameters At room temperature for reverse biases higher than 0.2
depend strongly on the band gaRgj of the utilized solid —0.5V the weak dependendgU) (I~W~UY? is de-
solution and the mechanism of the dark current scribed by the following relation for the generation—

recombination current:
Ig~exp(—Eq4/nkT),

wherek is the Boltzmann constant,is the absolute tempera-

ture, andn is a parameter that is determined by the threshold | =ANWA/ 7et, (4)

dark current and varies from=1 (mechanism of interband

recombinatioh to n=2 (generation—recombination mecha-

nism). Consequently, it is necessary to examine the mechawhereq is the charge of the electroA,is the surface area of
nism of the dark current in the structure the p—n junction, W is the width of the space charge layer,
n-GaSbh—Gai_XInXAsySbl_y/P*-Gai_XAIXAsySbl_y. We n; is the intrinsic charge-carrier concentration, anglis the
investigated the direct and reverse current—voltage charactegffective lifetime of the minority charge carriers. Far=4
istics at different temperatures. Typical curves of the dark< 10"cm 2 and W~1 um the experimental value of the
current as a function of the reverse bias at three temperaturesirrent yieldsr.4=7x10"’s, which is close to the radiative
are plotted in Fig. 4a. Figure 4b plots the temperature deperifetime for GalnAsSb solid solutions. The reverse dark cur-
dence of the reverse current for the bldss —0.2V (filled  rent density for typical diodes ig=(0.8—5)x 10 2 Alcm?
circles. Figure 4b also shows the calculated temperature dfor U= —(0.2—0.5) V.

pendence for the generation—recombinati@R) mecha- Analysis of the forward branches of the CVC shows that
nism and the diffusioD) mechanism of the dark current. the current can be analytically represented by the dependence
Obviously, the experimental data agree better with the det~exp@U/nkT), where n increases as the temperature is
pendence for the generation—recombination current. Thitowered fromn=1.9 ton=2.8. This indicates a shift of the
kind of current has a temperature dependence of the forrmechanism of the dark current from generation—
| ~T3%exp(~E4/2kT). The activation energy for this depen- recombination to tunneling. The reverse dark current density
dence isE,=0.3 eV, which is close to half the value of the is larger than expected. A further decrease of the dark current
band gap of the material of the active region of the photodican be achieved by improving the conditions of fabrication
ode [GalnAsSb,E4(0)=0.6eV]. The deviation of the ex- of the photodiode structures, e.g., by using rare-earth ele-
perimental dependence from the calculated dependence farents in the active region to lower the impurity
the generation—recombination current is due to growth of theoncentrations or by using a neutral solverPb) when
effect of the tunneling component of the dark currént, growing the GalnAsSB® In addition, as we showed in Ref.
which has a weaker temperature dependence and which 19, a reduction of the surface leakage currents, which con-
decisive in narrow-gap materials at high voltages and lowtribute significantly to the total current, can be achieved by
temperatures. passivating the structures in aqueous sulfide solutions.
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ERRATA

Erratum: Effect of the diameter of the photoexcited region on the picosecond

relaxation of bleaching in a thin layer of GaAs [Semiconductors 32, 484-487 (May
1998)]; Stimulated-emission spectrum arising from interband absorption of a picosecond
optical pulse in a thin layer of GaAs [Semiconductors 32, 479-483 (May 1998)]

I. L. Bronevoi and A. N. Krivonosov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, 103907 Moscow, Russia
Fiz. Tekh. Poluprovodr83, 119 (January 1999

[S1063-7826902501-9

On page 484, in the abstract, line 5 from the top should read “rate of superluminescence recombination.”
On page 484, left-hand column, line 2 of the second paragraph should read “intensity of superluminescent emission.”
On page 485, in Eq.), ue=upn~Eg should readue— un~Ey.

On page 485, right-hand column, line 12 from the bottom should read “in Ref. 1.”
On page 480, right-hand column, line 15 from the bottom should read “vW#he0.2 mm.”

Translated by M. E. Alferieff
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Erratum: Study of GaN thin layers subjected to high-temperature rapid thermal
annealing [Semiconductors 32, 1048—1053 (October 1998 )]

N. I. Katsavets

Private Joint-Stock Company “Semiconductor Devices,” 192281 St. Petersburg, Russia

G. M. Laws, |. Harrison, E. C. Larkins, and T. M. Benson

Department of Electrical and Electronic Engineering, University of Nottingham, Nottingham NG7 2RD,
England

T. S. Cheng and C. T. Foxon

Department of Physics, University of Nottingham, Notthingham NG7 2RD, England
Fiz. Tekh. Poluprovodr33, 120 (January 1999

[S1063-782699)02701-3

On page 1048, the first sentence of Sec. 2 should read “RHTA was performed in a quartz reactor at 1000 °C for 30 s in
a stream of N or Ar.”

Translated by M. E. Alferieff

1063-7826/99/33(2)/1/$15.00 222 © 1999 American Institute of Physics
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