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Effect of local vibrations on the H and D atom densities at a Si surface
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The equilibrium surface densities of passivating adatoms for a silicon crystal in equilibrium with
H, or D, gas are calculated. The difference in the surface densities of H and D adatoms is
determined by the difference in their local surface vibrations. The equilibrium deuterium surface
densities are an order of magnitude higher than the hydrogen surface densiti€999©

American Institute of Physic§S1063-78209)01909-7

In this paper we calculate the surface densities of hydrofunction of a crystal with adatoms written in terms of the
gen H(or deuterium D atoms on a silicon surface in equi- frequency distribution function:
librium with H, (or D,) gas. The chemical potentials of H
(or D) on a surface and the chemical potentials dioiHD) in (HD) _ T |n n*D) + 3T In
gas are required to describe the equilibrium. In addition to surf
tlg)eaedlgtC(;:gnI(;s(:s()e:gg::t:\r/li,btg?ig:glrzlc():r?:rﬁac:teig::a\l/v%ficar??s deljeren(H*D) are equilibrium H or D adatom surface densities.
) P : ) ) .. Since the binding energies of the isotopes are the same, i.e.,
termined by the dynamics of a crystal lattice with impurities. ~ : ” . ;
. ! . . ey=¢p, the difference in the chemical potentials for H and
The chemical potential of Kor D) in gas is known from the . . . . .
. ) . . D arises because of the difference in the frequencies of their
thermodynamics of diatomic gases. The condition that th L (H)_, (D)
. . ; . Tocal vibrations,w|,? # w|o¢ -
chemical potential of an adatom is equal to the chemica . C .
. . . I The chemical potentials for H and D gas are obtained
potential of H(or D) in gas at thermodynamic equilibrium o o . o
from the condition of equilibrium for the dissociation reac-

makgs I possuble to find the equmbrlum_&br D) surface .tion H,=2H (or D,=2D) and from the chemical potential
density. It is shown that the surface density of D adatoms IS 2 molecule consisting of two identical atdins
an order of magnitude higher than that of H adatoms. For
simplicity, an unreconstructed 00 silicon surface with the H.D) 1
symmetry of a simple square lattice is considered. We as- Hgas ~— 5
sume that an adatom with mass' (or MP) lies above a

surface silicon atom with masl and is bound with the fio(H2:02)
silicon atom by a force constant For low adatom density, + 2 R
in the nearest-neighbors approximation the following charac-

teristic equation can be obtained for determining the frequeni€r® Pn, and Pp, are the pressures of the corresponding

(H,D)

irh Wijoc
2si o7 tEmp)- 2

TIn P(HZ’DZ)_ CpT INT— g(HZ’DZ)T

()

cies of local vibrations of adatonts: gasesg,, is the specific heat at constant pressure,
’yw2 , _ I H, M H, 3/2
1_ wz_ng(w ):01 (1) é’HZ_ n- ﬁ5 27T ]
wherew3= /M) andG(w?) is the diagonal element of I, [ Mp,| %7
the Green’s functions matrix for a semi-infinite crystal. §D2=In E oy

In the numerical calculations of the frequencies of the

local Vibrati.ons from Eq(l) it was assumed that the force are, respective|y’ the chemical constants of hydrogen and
constanty is, to a high degree of accuracy, equal to thedeyterium gased;,, andlp, are the moments of inertia and
effective force constant for central forces in a Si—Si bond at (M) and »®2 the vibrational frequencies of Hand D,

the surface, i.e.y=8.8x 10* dynes/cm. The experimentally molecules, and, is the binding energy of a molecule in gas.

measured values of the freque(ﬂt):ies of surf?c?l Vibraﬂonéubstituting the chemical potentig®) and(3) into the con-
of adatoms are used belowo|')=3.96x10"s™! and dition of thermodynamic equilibrium

w(D=2.83<10"s ! (Ref. 4, which are somewhat different
from the frequencies calculated from Ed). pih= i, (4
The following chemical potentials for the H and D ada-
. . . o (D) (D) (5)
toms are obtained from the vibrational part of the partition =~ Msurf= Mgas:
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gives an equation for the surface densitités and n(®. effect has been observed in Ref. 6, where hydrogen passiva-
Since the local vibrational frequencies’ and (> satisfy  tion of a silicon surface was replaced by deuterium passiva-

ol , o) >T and sincd y, /1p,= My, /Mp, the ratio of  tion.
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n(®

nH

My,
Mp,

# (P2 — o (H2)
X ex;{— : (6)
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Certain aspects of the physics of heteropolytypic junctions based on silicon carbide are
examined. It is known that the introduction of certain impurities into the growth zone during
epitaxy of silicon carbide results in the growth of films whose polytype is different

from that of the initial substrate. It is also known that these impurities lead to the formation of
certain deep centers in the band gap of the conductor. Analysis of published data performed

in this paper shows that irradiation of SiC with various charged particles also leads to the formation
of these deep centers. It is assumed that under certain experimental conditions transformation

of the polytype of the already grown epitaxial SiC structure is possible under the action

of irradiation and subsequent annealing. 1®99 American Institute of Physics.
[S1063-782629)02009-9

The term “silicon carbide” denotes essentially an entiresity of the substraje It was found in Ref. 5 that the use of
class of semiconductor compounds, since SiC can crystallizéH-SiC Lely substrates with high dislocation denditf the
in various modifications — polytypes. The polytypes of SiCorder of 16 cm™?) in the standardfor growth of &H-SiC
with the same chemical composition can differ substantiallylayerg sublimation epitaxy process results in the growth of
with respect to their electrical properties. For example, the8C-SiC epitaxial layers.

band gaps range from 2(8C-SiC) to 3.3 eV(2H-SiC). This In Refs. 1 and 6 heteropolytypic epitaxy processes were
makes silicon carbide a promising material from the standattributed to the stoichiometric composition of various poly-
point of producing various types of heterostructures. types of SiC. Previously, it was observed that the concentra-

It was found in Refs. 1-3 that when certain impuritiestion ratio [Si]/[C] varies in different polytypes of SiC and
are introduced into the growth zone of SiC layers, epitaxialdecreases with increasing percentage of hexagonality. It was
films with a polytype different from that of the substrate shown that the ratipSi}/[C] was 1.046, 1.022, and 1.001 for
employed can be obtained. The introduction of the rare-eartthe silicon carbide polytypesC3 6H, and 4, respectively.
elements Sc and Th, as well as Al and B, for example, reThe data on diffusion and solubility of impurities in various
sulted in growth of epitaxial layers ofH#SIiC on 64-SiC  SiC polytypes examined in Ref. 1 also attest to a different
substrates. The most efficient transformation of the polytype&oncentrations of vacancie4:. In Ref. 1 these data were
of the growing layer Bl = 4H was observed with the intro- explained by the fact that as the stresses in the lattice in-
duction of group-IV impurities Sn, Pb, and Ge. Group-V crease with increasing concentration of carbon vacancies,
impurities (nitrogen and phosphorugave rise to growth of bonds between atoms at cubic sites become energetically
the 3C-SiC polytype. more favorable. This is what leads to rearrangement of the

It was also found that the Si:C ratio in the growth zonecrystal and transformation of the polytype. The influence of
strongly affected heteropolytypic epitaxy. Thus, increasingdoping on heteropolytypic epitaxy can then be explained in
the Si concentration increased the likelihood th@tSC or  terms of the introduction of impurities that occupy the car-
other polytypes with a low percentage of hexagonality willbon lattice sites, which accounts for the decrease in concen-
form. At the same time, the introduction of excess carbortration of V. and for the stimulation of growth of epitaxial
made it possible to grow onHBSiC substratesH-SiC epi-  films with a higher percentage of hexagonality than the sub-
taxial layers also from Gd and Dy meftdn Ref. 1 it was strate employed. When impurities occupying silicon sites are
also noted that a transformation of the substrate polytyp@ntroduced, the concentration of vacancigsincreases and,
occurs especially easily for growth in tli@001)C direction.  correspondingly, films with a lower percentage of hexago-
The temperature and rate of growth had virtually no effect omality than the substrate used by us grow.

the heteropolytypic epitaxy. The formation o€3&5iC layers Our investigations made it possible to observe at least
on 6H-SiC substrates is also possible during sublimatiorthree types of deep centers, which have similar parameters
growth in excess silicon with no additional dopihg. and which participate in similar radiative-recombination pro-

Since the nature of polytypism is still unclear, it is quite cesses in various polytypes of SiC. Comparing the energy
difficult to understand the nature of heteropolytypic epitaxy.position of the levels in the bottom half of the band gap in
Besides the impurity composition of the growth zone, it4H-SiC and &1-SiC, it is evident that most levels lie inside
seems that various factors can influence the likelihood ofhe two rather narrow bands in the band g&p:+ (0.5
heteropolytypic epitaxy — from thermodynamipressure, —0.6) eV (D band andE,+(0.2-0.3) eV (L band (Fig.
temperaturgto crystallographidorientation and defect den- 1). A D center, anl center, and a scandium level lie in the
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FIG. 1. Arrangement of known deep centers in the bottom half of the banchIG' 2 Density of carboni,) and S|I|_c0n NV)_vacanues and the average
gap in 64-SiC. density of deep acceptor centeid () in epitaxial layers prepared by sub-

limation epitaxy as a function of the degree of hexagonaty of the SiC

polytype’ The numbers on the curves correspond to vacancy concentra-

tions:1 — Nfi, 2— NS and the concentratiorN\;.) of centers of the type
first band; a deep aluminum level, a gallium level, and.an i (3), D (4), andL (5).

center lie in the second band. A boron level is also present in
(4H-SiC) or near(6H-SiC) the edge of thé& band. In the top
half of the band gap theHtSiC and &1-SiC levels are dis- equilibrium concentration of defectscarbon vacancigs
tributed uniformly, and it is impossible to distinguish any whose variation due to the addition of impurities that gener-
bands that are common to both polyty§eSince the param- ate excess defects or, conversely, bind vacancies into com-
eters of centers of one type, formed in the bottom half of theplexes, accounts for the heteroepitaxy of films of polytypes
band gap of different polytypes of SiC, are approximatelywhose degree of hexagonality is lower or higher, respec-
the same, it can be inferred that such bands are also presdively, than that of the substrate. Thus, the introduction of Sc
in other polytypes of silicon carbide. This is supported by theduring heteroepitaxy of 4-SiC films on 61-SiC substrates,
fact that the characteristics are similar and the shift of thdor example, leads to the formation of a deep center, which
maxima of the main electroluminescence bands in differenseems to bind vacancies into complexes and decreases their
polytypes of SiC is proportional to the band gap. concentration to values characteristic of thid-8iC poly-

The formation of such bands in the band gaps of differ-type.
ent polytypes of SiC attests to the presence of centers char- It is well known that irradiation of semiconductors leads
acteristic of SiC as a whole and related to the valence bando the formation of a large number of defects, vacancies, and
whose structure in various polytypes is similar. It can also benterstices in them. During subsequent annealing they mi-
inferred that each band is related to a “basic” center thatgrate, recombine, and merge into complexes. For SiC, an
consists of intrinsic defect@ni center in the first case and increase in the concentrations lof D, andi centers, which,
anL center in the second cgsevhich can interact with the as noted above, are associated with carbon vacancies, was
impurity atoms introduced and form other centers with simi-observed after irradiation and implantatitn*
lar parameters. Let us assume that a double-layer SiC structure, one

Figure 2 shows the average density of three intrinsidayer of which was doped with an impurity capable of bind-
defects(i, D, and L center$ in epitaxial 61 and 4H-SiC  ing a carbon vacancy, has been subjected to irradiation and
layers obtained by sublimation epitaXyAs is evident from  subsequent annealing. The concentration of deep acceptors
Fig. 1, there is a rather good correlation between the decreasieen will increase in this layer without a change in the crystal
in the density of carbon vacancie¥{) and the increase in structure of the material. In the undoped layer, however, the
the percentage of hexagonality of the polyty{@® and the concentration of vacancies formed after irradiation can be
decrease in the density of intrinsic defects. higher than the equilibrium concentration for the given poly-

Data obtained by various authors, who assumed\aat type, and the stresses arising in the crystal lattice will lead to
vacancies participate in the formation of different centers ané transformation of the polytype.
that individual vacancies merge into stable clustérd also If the mechanism for producing heteropolytypic struc-
support the idea that carbon vacancies are the main completures, which has been examined above, is realizable in prac-
forming defect in SiC. We note that a number of impuritiestice, then irradiation could become a method for producing
(Sc, B, Al employed in SiC heteroepitakyorm deep cen- SiC-based heterojunctions. The results obtained in Ref. 15,
ters in the above-note and D bands. The model of het- where it was found that inclusions of the polytyp€-SiC
eropolytypic epitaxy proposed in Ref. 1 can also be inter-appeared in photodiodes which are based BRSEC and
preted as follows. Each polytype of SiC corresponds to amwhich are degraded as a result of application of a direct
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Strongly strained lfGa, _,As/Ing 54G&, 4 AS/INP heterostructures with indium conteat 0.69

—1.0 in the active region were investigated experimentally and theoretically. Two types

of structures were obtained by vapor-phase epitaxy from metalorganic compoumdsh olated
compression-strained quantum wells andav2h self-organized nanosize InAs clusters

(quantum dots The temperature dependence of the quantum radiation efficiency of samples with
guantum wells in the temperature range 77-265 K is characterizd@by3 K. One

reason for the low value of is electron delocalization in the active region. The maximum
radiation wavelength obtained in structures with quantum dots isufr@at 77 K. © 1999
American Institute of Physic§S1063-7829)02109-7

1. INTRODUCTION 500-600 °C. The amount of InAs deposited varied from 1.5
. to 7 monolayergML).
A great deal of attention has recently been focused on  angmission microscopy investigations of the samples
producing perfect mid-IR-range radiation sour€@5-5.0  gq\ed that two types of QDs can be identified: with aver-
wm), which find application in fiber optic communication age transverse size 50-60 and 10—20 nm.

Iines, lidars, and gas analyzers. Solid solutions of IlI-V = 1140 pand diagram of the heterostructures is shown in
semiconductors cover the 1.5 toudn range. Compounds pjg 1 |t thus follows that for QW a type-II heterojunction is

containing antimony are now being studied extensivély. investigated; in the QW region there is no potential well for
InXGai_xAs/ISnAP heterostructures W'Stt‘7 strained - quantuMgecirons, Depending on the composition of the solid solu-
yvel_ls (QW9™" or quantum dotdQDs)"" also emit in the (x=0.69-0.81) AE,=(—3)—(—16) meV andE,

indicated range. =664—-607 meV, the stress-induced splitting of the light-

In this article we report the results of an experi- 54 heavy-hole subbands ds=64— 115 meV, and the QW
mental and theoretical study of strongly straineddepth for heavy holes is 105-175 meV. ’

In,Ga; - ,As/Ing 5458 4AS/INP heterostructures with compo- The photoluminescencéPL) was investigated in the

sition x=0.69-1.0 in the active region. temperature range 77—-265 K for samples with QWs and at
77 K for the samples with QDs. An argon laser=0.514
wm) with excitation density 1 kW/cfserved as the source
2. PREPARATION AND PHOTOLUMINESCENCE STUDIES of excitation radiation. Curves of the wavelength of the PL
OF HETEROSTRUCTURES of a QW at the maximum intensity versus the QW thickness
] ) . ~at 77 K were obtainefi The longest radiation wavelength is
Heterostructures with an isolated compression-straineq gg ,m. The energies of the electron transitions from the
QW with compositionx=0.69-0.81 (Ref. 4 and self-  conguction-band bottom to the first heavy-hole quantum-
organized nanosize InAs clustdi@Ds) (Ref. 5 were grown \ye|| |evel were calculated. It was found that the transition
on InP(100 substrates by vapor-phase epitaxy from metal-gnergies computed using a rough estimate are 30—70 meV
organic compounds at low pressure. less than the measured values.
The samples that we grew were heterostructures which  1pe temperature dependence of the half-width of the ra-
we did no.t dope intentionally. These samples consisted of giation spectrum for a 50-A -thick structure with a QW and
0.2-um-thick InP buffer layer, a 0.2em-thick I 5:55&.4AS  x=0.73 in the temperature range 77—265 K was determined

barrier layer(0.3 um for QD) at the bottom, lattice-matched i, the same manner. At 77 K the half-width is 20 meV and
with the substrate, and then InAs quantum dots or an,creases rapidly with temperature.

In,G& _,As quantum well with indium content in the range  The temperature dependence of the quantum emission
0.69-0.81 and thickness from 25 to 100 A, as well as a 0.2fficiency 5 was measured in the temperature range 77—265
pm-thick (0.04 um for QD) (Refs. 4 and 5IngsGa4AS K for two structures with QWs1 — d=50 A , x=0.73 and
layer on top. The compression strains in the quantum well, __ y—309 A  x=0.81 (Fig. 2. The parametei, was

which are due to the mismatch of the lattice parametersyetermined from this dependence using the formula
range from 1% to 1.8%, depending on the indium content in

the well. For a structure with QDs the growth ratesv@A /s
for barriers ad 2 A /s forQDs; the growth temperature was n= 10X —T/Ty), (D)

1063-7826/99/33(9)/3/$15.00 1007 © 1999 American Institute of Physics



1008 Semiconductors 33 (9), September 1999 Sokolova et al.

InP Irg s 6%gur As 0.3r
d
T4z, z 0.8
Eq > 1
~ B— B B 0
=,
>
3{ Enq £0.71
8 2
Ak, - 0\o——o-——o
In,Ge, . As
T -z 06k
FIG. 1. Band diagram of an |®a,_,As/Ing s4G&, 4/AS/INP heterostructure.
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whereT,=40 K for case 1 and 43 K for case A 8

. . . InAs thickness, ML
Two intense peaks with=1.68 and 1.88wm appear in

the PL spectra measured at 77 K with the formation of INASFIG. 3. Position of two energy maxima in the 77-K quantum-dot PL spectra
QDs grown afT =600 °C. The radiative recombination effi- versus the nominal thickness of InAs deposited &t600 °C.

ciency from QDs is approximately an order of magnitude

higher than luminescence from theyGa 47/AS matrix.

Figure 3 shows the energy of these two PL peaks versus the Figure 4 shows the dependence of the PL intensity at 77
amount of InAs deposited. It is evident that the position ofK on the amount of InAs deposited for QDs grown at 600 °C.
the peaks remains virtually unchanged as the nominal thickWith 4—5 ML InAs the maximum intensity is observed for
ness of the InAs deposited layer varies from 2.5 to 7 ML.the peak withA=1.68 um; for the A=1.88.um peak the
This is different from the QW case, where the energy of thentensity remains nearly constant for 2.5-5 ML and much
PL peak decreases with increasing layer thickness. Hence l@wer. The sharp degradation of the emission characteristics
can be concluded that according to the Strargkiastanov  of QDs with thickness greater than 5 ML can be explained
model, three-dimensional clusters develop up to their criticaby an increase in the number of dislocations.

sizes determined by the “equilibrium” of the stresses be-  The spectral dependences of the PL intensity for InAs
tween the matrix and QD materials. In our opinion, the date&QDs grown atT=500, 550, and 600 °C were obtained. At
obtained indicate the existence of two sizes of QDs in thel =500 °C a structure with QDs emitting at=1.91 um at

structure investigated. 77 K was obtained.
200+ —a— d-50A, z-0.73
——=~ d=30A, £-0.83 "
3 P
E Sh
S 1501 s
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8 .
> 2
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FIG. 2. Temperature dependence of the external quantum efficigrioy FIG. 4. Intensity of two 77-K quantum-dot PL peaks versus the nominal
In,Ga _,As quantum wells:1 — d=50A, x=0.73, T,=40 K; 2 — thickness of InAs deposited at=600°C.1 — A=1.68 um, 2 — \=1.88
d=30 A ,x=0.81,T,=43 K. mm.
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3. COULOMB POTENTIAL WELL FOR ELECTRONS Our study shows that efficient radiation sources cannot

51@ produced on the basis of these heterostructures with a

To avoid discrepancies between the measured values Il offset AE t the boundari f th " I
the radiation wavelengths of QW and the wavelength estiSMall ofise QE,) at the boundaries of the quantum we

mated in a very simple modelt is necessary to take into a_nd barrier. Switching to InAs quantum dots makes it pos-
account that the electrons in the active region are localized iﬁ'bl?l_:]c.) adva;ce to Iongertvxéa\éelir: gtgs. ian Fund for F
a QW which occurs as a result of the Coulomb attraction to IS work was supported by the =ussian Fund for Fun-

holes. The shape of the Coulomb potential well is deterdamental ResearcProject 98-02-18266and the program

mined by solving Poisson’s equatifn. _of the Miqistry of Science of the Rus§ian Federation “Phys-
The widths of the region occupied by electrons were'®S of Solid-State NanostructuresProject 2-00%
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Spontaneously assembling periodic composition-modulated InGaAsP structures
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It is established theoretically and experimentally that in certain temperature and composition
ranges the solid solutions InGaAsP comprise a system of strained, alterfatingutually
perpendicular directiongl00] and[010]) domains of a solid solution with two different
compositions and different lattice constants. The domains are clearly seen at the surface of an
epitaxial film and wash out into its depth in the direction of the substrate. The data

obtained most likely show spinodal decomposition of InGaAsP solid solutions in the experimental
samples. ©1999 American Institute of Physids$S1063-78269)02209-1

1. INTRODUCTION 3. EXPERIMENTAL RESULTS

In this paper we make a detailed comparison of the re- | The InGaAsP epitaxial layers grown on 11601) and
sults of theoretical and experimental studies of the quaterGaAs (001 substrates by liquid-phase epitaxy at tempera-

nary solid solutions InGaAsP in the instability region. tures below the critical temperaturé gowi<T.) POssess in
the region of spinodal decomposition a characteristic two-

band photoluminescencéL) spectrum. As an example,
such a spectrum is shown in Fig. 3 for an InGaAsP sample
grown on a GaAg001) substrate at the temperatufgqymn
=1023K.

Quaternary solid solutions of the type; AB,C,_,D, The existence of two ban_ds in the P'T spectra of such
with positive formation enthalpy become unstable with re-Samples suggests that the epitaxial layer is nonuniform and
spect to composition fluctuatiorsx(r) and dy(r) at a criti- ~ consists of two solid solutions with different compositions.
cal temperaturel..>™* The instability means that the free Il A periodic diffraction patterrifor example, Fig. 4
energy of a solid solution with modulation of the composi- Was obtained on the same samples, using transmission elec-

tion x(r)=x-+ ox(r) andy(r)=y+ 8y(r) is lower than that tron microscopy(TEM), in the (200 reflection, which is

. . . . L — sensitive to the composition of the solid solution.
of uniform solid solution with the compositianandy. As a : ; .
In samples with a planar geometry, intensicpmposi-

result, a uniform solid solution decays into a composition-,. S . ) ‘
S ) tion) modulation in the TEM image is observed in mutually
modulated periodic structure. Such a thermodynamic phase . Lo o —
. ) . . perpendicular directiongl00] and[010]. This is an indica-
transition is called a spinodal decomposition of solid solu-
tions.

Figure 1 shows regions of absolutely unstaldle meta-
stable (2), and stable(3) solid solutions, calculated at the
temperatureT =900 K. The solid solutions in region 1 are 7
unstable even with respect to infinitesimal composition fluc-
tuations and the solutions in region 2 are unstable relative to
composition fluctuations of finite amplitude. The computed y
value of T for InGaAsP is 1275 KRef. 4.

The stability of an epitaxial film of the solid solution
A;_,B,C, coherently coupled with @01) substrate consist- 0.5
ing of a cubic crystal, has been investigated in Refs. 5, 6, and
7. It was shown that the final state of spinodal decomposition
of a solid solution is a system of strained, i.e., compressed
and stretched, domains with alternating composition. Do-
main alternation occurs in one of the directions of smallest
compression of the cubic crystdli00], [010], and[001]. i)
Composition modulation is maximum on a growing surface
and decreases exponentially into the interior of the film (
direction, as shown in Fig. 2. FIG. 1. Composition diagram for InGaA$P.

2. THEORY

GaP

InAs z GaAs

1063-7826/99/33(9)/3/$15.00 1010 © 1999 American Institute of Physics
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FIG. 2. Theoretically computed equilibrium composition profile of the solid |
solution A, _,B,C in an epitaxial film(2) on a substraté1).”
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tion of the possibility of spinodal decomposition of the solid FIG. 3. Photoluminescence spectru=(300 K) of a InGaAsP epitaxial
solution. layer grown in the region of instability of quaternary solid solutions.
InGaAsP epitaxial layers grown in the region of abso-
lutely stable solid solutions have a single peak in the PL
spectra. A periodic diffraction pattern is not observed in the
corresponding TEM images of these samples. These two
facts show that such epitaxial InGaAsP layers are uniform !
solid solutions. :
Ill. Figure 1 shows two experimentally determined re-
gions of spinodal decomposition of InGaAsP solid solutions
which are isoperiodic with GaA&01). The solid solutions
were grown at temperature§ o) 1023 K (continuous
segment and 1063 K(Ref. 8 (hatched segmentAs the
growth temperature is raised, the region of compositions of |
the InGaAsP solid solutions, for which there are, in the first
place, two bands in the PL specii@g. 3) and, secondly, a
periodic TEM composition modulation patte(fig. 43, de-
crease appreciably. This indicates that the growth tempera- |
ture is approaching the critical temperature for spinodal de- i

composition.
HY

IV. TEM investigations of InGaAsP/InP01) epitaxial
layers grown in the region of instability established the ex-
istence of elastic deformations at the boundaries of regions
with different compositions. In samples with planar geom-
etry, TEM patterns in the composition-sensiti&9d0) reflec-
tion (Fig. 49 and in the stress-sensitiv@20) reflection(Fig.
4h) were investigated. The repetition period of the alternat-
ing regions in thg200) reflection is two times smaller than
in the composition-sensitive200) reflection. It thus follows
that elastic deformations exist at the boundaries of alternat-
ing regions with different compositions. The strained peri-
odic structure possesses a nearly 100% PL quantum effi
ciency, which rules out residual deformatiddislocations
due to lattice mismatch of the two solid solutipns

V. TEM investigations of the transverse section of
INnGaAsP/InP(001) epitaxial layers revealed the existence of
a periodic structure predominantly at the surface of the filmgG. 4. Photographs of an InGaAsP sample in a planar section. The photo-
The periodic structure washes out in a direction into thegraphs were obtained in an EM-420 transmission electron microscope in the

| r.and it i mol | n he interf with th eflections: a —(200) (sensitive to the composition of the solid solution
ayer, a ditis co pletely absent at the interface with t éand b —(220 (sensitive to stresses in the samplehe InGaAsP epitaxial

substrate(Fig. 5, which quglita’Fiver agrees with the com- layer was grown at yq,,=867 K on an InF001) substrate in the region of
puted dependence shown in Fig. 2. instability of solid solutions.
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us to conclude that in our experimental samples we most
likely observed spinodal decomposition of InGaAsP solid
solutions.

Our results allow us to infer that the spinodal decompo-
sition of solid solutions can be used to obtain spontaneously
assembling superlattices.

This work was supported by the Russian Fund for Fun-
damental ResearalProject 97-02-18105

*E-Mail: tarasov@hpld.ioffe.rssi.ru; Fax812247-80-38
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Gain characteristics of quantum-dot injection lasers
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The current dependence of the optical gain in lasers based on self-organized InGaAs quantum
dots in a AlIGaAs/GaAs matrix is investigated experimentally. A transition from lasing

via the ground state of quantum dots to lasing via an excited state is observed. The saturated
gain in the latter case is approximately four times greater than for the ground state.

This result is attributable to the fourfold degeneracy of the excited level of quantum dots. The
effect of the density of the quantum-dot array on the threshold characteristics is
investigated. A lower-density array of dots is characterized by a lower threshold current density
in the low-loss regime, because the transmission current is lower, while dense quantum-

dot arrays characterized by a high saturated gain are preferable at high threshold gair$99 ©
American Institute of Physic§S1063-7829)02309-]

As predicted theoretically? injection lasers with an ac- old. The internal losses were estimated as an adjustable pa-
tive region based on quantum d@@Ds) make it possible to rameter from the experimental dependence of the external
decrease substantially the threshold current derity A differential efficiency on the cavity length.
finite surface densitjNgp of a QD array actually signifies a Figure 1(dotg shows the experimental dependencejof
low transmission current because of the small number oénd the lasing wavelength,s on the pump current density.
states on which a population inversion must be maintainedt is evident that both curves have a kink at a current density
On the other hand, a finite value ®fop combined with  of about 700 Alcrh that separates regions of different gain
inhomogeneous broadening of the density of states coultiehavior accompanied by a sharp hopigf. In each sec-
lead to gain saturation. Progress in producing QD arrays b$ion, an increase in the pumping results in rapid gain satura-
self-organization of strongly strained thin layehas made it tion at a certain leveg®® while \ s gradually shifts in the
possible to obtain in long laser diodes based on tignon  short-wavelength direction.
the order of 66-100 A/cnt at 300 K (Ref. 4. However,
higher losses in the laser diode led to superlinear growth of

Ji .38 indicating that gain saturation is indeed a serious 100 T
problem in lasers based on self-organized QDs. ; 10.88
In the present paper we report the results of an experi- g0t Q ] 0.87
mental study of the gain characteristics of injection lasers Q@ : :
based on InGaAs QDs in an AlGaAs/GaAs host. The laser O -O 36
structures were grown by molecular-beam epitaxy on_ g0} Q :
n*-GaAS (100 substrates in a laser geometry with separate 'E %o lo.gs §_
confinementSC DHS. The active region is formed by three < [ GS lasing ESlasing | T
rows of InGaAs QDs separated by 5-nm-thick, AlGa, g5AS S0 40 lo.84 o~
spacer layers. The laser diodes were fabricated in a fine-mes 1
geometry, and the device characteristics were investigated ii 20k 10.83
a pulsed regime at 300 K. The growth regime and the mea- 1
surements are described in greater detail in Ref. 7. 10.82
The dependence of the gain on the current density is one o —— T R e
of the most important characteristics of an injection laser, 100 1000 10000
and it is closely related to the electronic structure of the 2
active medium. The mode gafg) as a function of the pump J, Alem

current was calculated from the experimental dependence %G 1. Experimental curves of the mode gan(filled dot9 and lasing

Jin on the _CaVity length, using the fact thatis the sum of  \avelengthi .. (open dotsversus the current density. Solid lines — calcu-
the losseginternal and on the mirroysat the lasing thresh- lation of g using Eq.(1) and the gain parameters presented in Table I.

1063-7826/99/33(9)/3/$15.00 1013 © 1999 American Institute of Physics
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We observed two peaks, at 855 and 960 nm, in the pho- 1500 T
toluminescencegPL) spectrum of this structure. The long- - —GS
wavelength peak is due to radiative recombination of exci-
tons localized in the ground stat&S) of a QD, while the - S ES
short-wavelength peak corresponds to recombination througi® - R [ WL
an excited stat¢ES).2 Comparing the pump dependence of 2 1000
\as With the spectral position of these lines shows that the
observed current dependence of the gain is due to a transitio
from lasing via the GS to lasing via the ES of the QD array.

We have shown previouslyhat in a simplified form the
relation between the gain and the current density in a QD
laser can be described by the expression

gsat+ g

gsat+ g - —— -
n Jl( == ) +35| = (1) /'
959 959

For lasing via the GS the first two terms in Ed) describe 0 50 1000 1500 2000
the contributions of recombination via the GS and the ES, J A 2

respectively, while the last term corresponds to recombina- ap M/ CI

tion via a state of the wetting IayéWL) and the matrix. If FIG. 2. Contributions due to recombination via the ground st@® and

lasing occurs Via. the ES, then the second te_'rm in(Ehi§ ~ excited statéES) of QDs and states of the wetting lay@¥L) to the thresh-
absent, and the first term becomes the combined contributiosid current densityly, .

of both the GS and the ES.
According to Eq(1), the transmission current density
corresponding to zero gain is given by

-

500 e
]

2

Current fraction, A/cm

=

J:JO

According to the data presented in Table |, the fraction

Jy=Jdo+JI1+J5, (2)  of the transmission current going to recombination via the

) _ WL (J,) in the case of lasing via the GS is negligible com-
and for a small gaing<g*?) the dependence of the gain on pareq with lasing via an ES. Correspondingly, according to
the pump current is approximately linear Egs.(2) and (3), y in the latter case decreases. This effect
Jy can be explained by the fact that to achieve lasing via the ES
3 the Fermi level must lie much higher and therefore more

carriers will be located in the WL.

It is shown in Fig. 1 that for an appropriate choice of the  Figure 2 shows the contributions 3g, from recombina-
parametersl,, J;,J,, and g5® presented in Table I, the tion via various states as a function of the threshold current
expressior(1) makes it possible to describe to a high degreedensity. For smallly, the current density is mainly deter-
of accuracy the current dependence of the gain for lasing vimined by recombination via the GS. Ak, increases, the
the GS and the ES. contribution of the GS saturates, and the current due to re-

According to the simple hydrogen-like model of the combination via an ES starts to dominate. At the same time,
electronic structure of a QB,the ES is fourfold degenerate the fraction of the current associated with the WL increases.
(in addition to the spin degeneracyFour times as many As Jy, increases further, the fraction of the current going into
carriers therefore can be localized in the ES; consequentliecombination in the WL becomes dominant, and the contri-
g2 for lasing via the ES should be four times greater tharbution of the ES saturates, but at a higher level compared
g2 for the GS provided that the GS and ES have the samwith the GS, since a larger number of carriers can be local-
oscillator strength. In general, the degeneracy of the excitetted in the ES. However, even with strong pumping lasing
level is lifted because the potential well of a QD is not de-again occurs via the states of the QD, and a transition to
scribed by a Coulomb potential and real QDs are not spherilasing via the WL is not observed experimentally.
cal. However, the experimentally observed ratiogSf* is The expressioril) can be used to estimate the effect of
indeed close to 4, indicating that the splitting of the ES isthe surface densiti}qp of QDs on the threshold character-
much smaller than the inhomogeneous broadening of thistics of QD lasers. Assuming that the electronic and radia-
density of states of the QD as a result of size variance. tive properties of the QD array do not change, a change in
Nop by a factor ofN results in arN—fold scaling ofg**and
also of the contributions to the transmission current due to
the GS (o) and the ESJ,). If Ngp changes as a result of a
change in the number of deposited QD lay€rshen the

_ sat‘]_‘]tr _
dop=9 3, v, Where y=
;

‘]tr+‘]2.

TABLE |. Gain parameters of a laser based on self-organized QDs.

gsat Jos J, 1, Js parameted, also scales by a factor &f since each QD row
State cmt  Alem®  Alem®  Alcm®  Alcm? y lies on the WL itself. If special growth regimeare used to
Gs 27 119 28 06 1576 0997 change directly th(_a surface density of QDs while k_eeplng the
ES 102 480 - 33 513 0.93 number of deposited planes constant, tlignremains the

same:
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1000 .

- 7 Two characteristic sections are observed on the curves of the
optical gain and lasing wavelength versus the current den-
sity. These sections are attributable to lasing via the ground
state and the excited state of the QDs. As the current is
raised, the gain attained on the GS saturates, and a transition
to lasing via an ES occurs. As a result of the degeneracy of
the ES, the saturated gain in the latter case is approximately

800

600

four times greater than the corresponding value for the GS.
As the QD density increases, the transmission current and the
saturated gain increase. As a result, a lower-density QD array
gives a lower threshold current density in the low-loss re-
gime, while for large threshold gains dense QD arrays are
preferable.

This work was supported by INTA®6-0467.
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FIG. 3. Threshold current density;, versus the surface densilyy, of a
QD array for various threshold gair@s,. (The dotted line corresponds to
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In summary, the threshold characteristics of lasers based

on InGaAs QDs in an AlGaAs/GaAs host were investigatedTranslated by M. E. Alferieff
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We report the results of an experimental study of molecular-beam epitaxy of ZnSe-based laser
heterostructures with a new structure of the active region, which contains a fractional-
monolayer CdSe recombination region in an expanded ZnSe quantum well and a waveguide
based on a variably-strained, short-period superlattice are reported. Growth of a fractional-
monolayer CdSe region with a nominal thickness of 2—3 ML, i.e., less than the critical
thickness, on a ZnSe surfaceAd/a~7%) leads to the formation of self-organized,
pseudomorphic, CdSe-enriched islands with lateral dimensidr®-30 nm and density
~2x10%cm 2, which serve as efficient centers of carrier localization, giving rise to effective
spatial separation of defective regions and regions of radiative recombination and, as a

result, a higher quantum efficiency. Laser structures for optical pumping iZtheMg) (S, Se
system with a record-low threshold power denglgss than 4 kW/crhat 300 K) and
continuous-wave laser diodes in the sysi@a, Mg, Zn Se with a 2.5 to 2.8-ML-thick, fractional-
monolayer CdSe active region have been obtained. The laser structures and diodes have an
improved degradation resistance. 1®99 American Institute of Physics.
[S1063-782629)02409-9

1. INTRODUCTION crease, since nonradiative recombination on defects, as
shown in Ref. 6, is the main reason for defect multiplication
Despite the great efforts made recently to optimize laseand migration. Finally, great hopes for improving the degra-
diodes with ZnSe quantum wells, increasing the lifetime ofdation characteristics are based on the use of Be-containing
blue—green 1I-VI lasers to a commercially useful level re-compounds, which among wide-gap [1-VI compounds have
mains an unsolved problemJust as in GaAs-based laser the hardest latticé.
diode structures, degradation is the main reason for the To obtain lasing in the blue—green region of the spec-
propagation and multiplication of defects in the active re-trum (460—-550 nmy corresponding to the maximum sensi-
gion, even if the initial(immediately after growthdefect tivity of the human eye, a great deal of attention has recently
density does not exceed“im™2. One way to overcome the been devoted to the study of the heteropair CdSe/ZnSe. This
degration problem is to develop a new structure of the activgair is similar in many respects to the well-investigated het-
region which could give: ]l better optical and electronic eropair InAs/GaAs, where a large lattice mismatefv%) is
(hole) confinement and )2higher activation energy for for- the driving force for the formation of self-organizeth,
mation and propagation of extended defects in the activ&sgAs QDs. Until recently, predominantly two technological
region. It has been shown that a variably-strained, shortapproaches have been used to produce such nanoobjects
period superlatticéSL) used as a waveguide is a very effec- based on(Cd, ZnSe: 1 the Stranski-Krastanov (SK)
tive method for solving this problefT* Another possibility —method of growth with the formation of relatively large 3D
of improving the characteristics of ZnSe laser structures is tgslands with CdSe layer thickness greater than the critical
decrease the dimension of the active medium fronf@man-  value [~3 monolayersML)]¥1% and 2 the method where
tum wells (QWs)] to OD [quantum dot§QDs)]. Aside from  incomplete CdSe monolayers are deposited on a ZnSe
the obvious advantages of a delta-function density of statesurface'! The formation of CdSe nanoislands in a ZnSe host
which can be obtained, nonetheless, by producing a uniforrby the SK method is ordinarily impeded because strain re-
size distribution of extremely smafthe Bohr radius of an laxation via defect formation, which is accompanied by a
exciton in ZnSe img~3 nm) 0D objects, the introduction of sharp drop in the photoluminescenéelL) intensity, pre-
centers of three-dimensional localization can lead to spatialominates. The second approach is based on growing ultra-
separation of carrier localization locations and defective lothin CdSe QWSs, which to a first approximation can be
cations in the active region of the laser structlitecan then  viewed as layers of the solid solution ZnCdSe formed on a
be expected that the internal quantum yield will increase an€dSe/ZnSe interfack. Recent optical investigations have
the rate of development of defects during lasing will de-demonstrated that such layers have a more complicated in-

1063-7826/99/33(9)/5/$15.00 1016 © 1999 American Institute of Physics
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ternal structure, including flat CdSe islands of uniform thick- ASUa L L L L i ey e

ness(~1 ML).}13 High-resolution transmission electron A a

microscopy(TEM) investigations of CdSe/ZnSe SLs in the -—A

cross-sectional geometry have also confirmed the formatio !

of nanosize CdSe island3lt should also be noted that pre- A% ;

vious attempts to use CdSe/ZnSe SLs in the active region ¢ - ‘

laser structures did not lead to appreciable improvement c & .

the laser characteristi¢8-® ;
We report here the results of investigations on the devel =

opment of room-temperature blue-green lasers based c A M_,,

[I-VI compounds in the system&n, Mg)(S, Se and (Be, 0 X3 <1 2w sto%

Mg, Zn)Se. A new laser structure is proposed and imple- 2223zl4z|52'5272|a

mented, including a waveguide in the form of variably-

strained, short-period SLé&f the type ZnSSe/ZnCdSe or

BeZnSe/ZnCdSecombined with an active region based on

fractional-monolayerFML) CdSe insert42—3 ML thick)

placed in a 10-nm ZnSe QW. Isolated FML CdSe/ZnSe

structures were investigated, and special attention was di

voted to the region of subcritical nominal CdSe thicknesse:

w (w=1-3 ML). Island formation in FML structures grown

by conventional molecular-beam epita@yBE) and epitaxy

with enhanced surface migratiggBSM) was observed from

the surface by TEM. It is shown that isolated FML CdSe/

ZnSe structures can be used as an active region for ZnS

based green lasers, including the lasers containing Be che

cogenides.

2. EXPERIMENT FIG. 1. Relation between the nominal CdSe thickness and the energy posi-
tion of the PL peak. @PL spectra for samples marked by the filled triangles.

The structures ofZn, Mg) (S, Se lasers for optical b)_TEM image f!’omasurface for a structure with a single CdSe FML insert
pumping and(Be, Mg, ZnSe laser diodes with an active "Ith nominal thickness 2.8 ML.
region based on an FML CdSe/ZnSe nanostructure, sur-
rounded by an SL waveguide, were grown by MBE pseudo-
morphically on GaA&01) substrates at growth temperaturesbmcf.e.r layer (50 nm .and (10 nm ZnSe Iay(_er on top. !n
270-280°C. The MBE growth parameters and methods fo ddition, for comparison laser structure_s with conventional
monitoring the composition of S- and Be-containing com- WS at the center of the SL waveguide were grown for
pounds have been published previousi§° The structures optical ~(7-nm Zm 7sCc p55€ QW and Injection
of lasers for optical pumping contained, respectively, 0.5 an(§4'nm Zrb-63c.d°-37se QW) pumping. . .
0.1-um-thick Zry Mg 1Sy 1556 g5 confining layers at the Surface images were obtained by TEM using a Philips
bottom and top, a symmetric waveguide in the form a 3—nmEM420 electron microscope. The PL spectra of the structures
ZnS) 1458 5d5-nm ZnSe SL with a total thickness of Qu2n,
and an FML CdSe/ZnSe active region with CdSe thickness
w=2.8 ML at the center of a 10-nm ZnSe QW. The active 300 K
region of the BeMgZnSe/ZnCdSe laser diode consisted of ¢
(1-nm Bg ¢ZNposS€/1.5-nmZnSg, SL waveguide with
10-nm ZnSe QW at the center, containing 2.6 ML CdSe. The
laser-diode structures also included wide-gapm-thick, n-
and p-Bey ggVIgg 0eNg 915€ confining layers, doped with io-
dine and nitrogen, respectively, and a ZnSe/BeTe doping "
modulated short-period SL with a variable step and strongly . 1
p-doped 10-nm BeTe:N/30-nm ZnTe:N layers on top. The 5 1 o P
characteristics of the waveguides based on variably-strainec fFfegenr A/A/AA/ T.=175K
short-period SLs have been investigated previotigly. NN _a-E ’

The characteristic features of the growth of an FML 1 B i - '
CdSe active region by MBE and ESM are described in Ref. 0 100 200 300
11. For structural and optical characterization, a series o Temperature, K
isolated FML CdSe/ZnSe structures Wllsh.=.0.25— 3.2 ML . FIG. 2. Temperature dependence of the threshold power density for laser
were grown under the same MBE conditions as the actiVgctures with an FML active regidriangles and a QW(squares Inset:
regions of the laser structures. These structures containedLasing spectra of an FML structure at 300 K.
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FIG. 3. @ Image of a BeMgZnSe laser struc-
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300 K Q) geometry. b Electroluminescence spectra
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were measured® K using the 351-nm line of a continuous- amount of CdSe deposited. Above the critical thickness a
wave Ar" laser. The measurements of the PL excitationsharp(by more than a factor of 3@rop in the PL intensity
(PLE) spectra were performed with a halogen lamp. The lais observed.

ser characteristics with optical pumping were investigated The results of optical measurements are in good agree-
using excitation with a pllaser with 8-ns pulse duration. The ment with the TEM data from the surfac¢€ig. 1b for an
structures of injection laser diodes with flat contacts wergsolated EML structure with the sanve= 2.8 ML. Extended
obtained by conventional photolithography and measured bgdSe-enriched islands appear in the TEM image as light

the methods described in Ref. 20. spots with lateral dimensions 10-40 nm and density
2x10%Ycm 2. Although large (>30 nm) islands relaxed
3. RESULTS AND DISCUSSION with formation of clearly distinguishable, identically oriented

The relationship between the nominal thickness of thedefects, their density is only-15% of the total island den-
CdSe layer and the energy position of the maximum in theity, while the remaining 85%with lateral dimensions<30
PL spectrum for isolated FML CdSe/ZnSe structures is1m) seem to be pseudomorphic. We note that the appearance
shown in Fig. 1a. Increasing to values not exceeding the of CdSe islands with lateral dimensions of 25—-40 nm is typi-
critical thickness results in a rapid increase of the PL effi-cal for thicknessew greater than 0.7 ML, and the fraction of
ciency, accompanied by a substantial red shift of the Plrelaxed islands is virtually independent wf** indicating
peak. The PL intensity with the same pumping increases bthat they are related to the initial nonuniformities of the
more than a factor of 350 with a tenfold increase in thegrowth surface of ZnSédefects, growth steps, impurities
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giving rise to a predominant accumulation of Cd. Some is-monolayer CdSe/ZnSe structures with subcritical CdSe-layer
lands in Fig. 1b demonstrate a square faceting, but the strongpminal thicknesg<3.0 ML). These results were used to
contrast, due to deformations, makes it impossible to deteproduce laser structures for optical and injection pumping.
mine their shape and real sizes accurately. As a result of th&/e believe that the record-low values obtained for the
distortions of the image by the ZnSe layer at the top, the reahreshold power density of optically pumped lasers and their
dimensions of the islands can be less than those observed thigher degradation resistance are due to effective carrier lo-
definitely much greater thaag. We believe that these is- calization in these nanoislands, which prevents carrier diffu-
lands are not electronic quantum dots, but rather they arsion to larger relaxed islands and other defective regions,
extended sections of ultrathin QWs with a specific carrier-where they can recombine nonradiatively and give rise to
localization potential arising as a result of local thickness oraccelerated multiplication of defects in the active region.
Cd content fluctuations. Continuous-wave BeMgZnSe injection lasés 300 K) with

The use of such a CdSe/ZnSe FML active region in thean FML CdSe/ZnSe active region and an SL waveguide were
ZnMgSSe laser structure led to a large decrease of thalso obtained.
threshold pump power density at 300 K to a level below  We wish to thank A. A. Sitnikova, R. M. Zolotareva, and
Pin=4 kW/cn? (\~523 nm), compared with 19 kW/chfor  S. M. Konnikov for performing the TEM investigations.
a laser structure with the conventional ZnCdSe QW, emitting  This work was supported by grants from the Russian
at the same wavelength.The temperature dependence of Fund for Fundamental Research, the program “Physics of
the threshold power density for both types of structures an&olid-State Nanostructures” of the Ministry of Science of
the room-temperature lasing spectra of structures with athe Russian Federation, the Volkswagen Foundation, and an
FML CdSe insert are shown in Fig. 2. For both structures theNTAS grant.
temperature dependence is nonmonotonic with a minimum in
the range 80—100 K, which, as shown in Ref. 22, is due to a
thermally activated mechanism of vertical hole transport inog_y.i- ivan@beam.ioffe.rssi.ru
the SL waveguide. The structure with FML CdSe demon-
strates a 2.5-fold increase in threshold on passing from
liquid-helium (5 K) to room temperatur€95 K) with char-
acteristic temperatur@,~175 K at 300 K, while for the | . . I
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We report optical measuremer(fghotoluminescence, Raman scattering, and infrared reflegtance
of direct band gap and of optical phonon energies ofZBe _,Se alloys grown by MBE on

(001) GaAs substrates for a wide range of Be concentrations. The high band gap of BESeV)
suggests the possibility of using isoternary alloys for ultraviolet optoelectronic applications.
Be,Zn, _,Se has the unique advantage that it can be lattice matched to Si atxab0Oui. We
observed a strong linear shift of the B&, ,Se direct band gap to higher energies with
increasing Be conter{to 3.63 eV forx=0.34). Furthermore, optical phonon parameters for the
entire range of BeSe content have been obtained. Finally, polarized infrared and Raman
spectra revealed local atomic orderi@mnti-clustering effects in the group-Il sublattice. @999
American Institute of Physic§S1063-7829)02509-(

INTRODUCTION using 270-mm focal length monochromator equipped with a
Be-chal id iconduct I h b CCD detector.
e-chaicogenide: semiconductor afioys have Dbeen Te-p refiectance spectra were taken at oblique incidence

cently proposed for improving the performance of ZnSe- :
. . . 10 to 509 with a Bruker IFS-66V t ter. The phot
based blue lasefslt is expected that the incorporation of (10 to 509 with a Bruker spectrometer. The photon

beryllium will lead to bond strengthening within the 11-VI
lattice, and also will increase the energy of stacking-fault
formation, thus reducing defect propagation that has been
seriously limiting the lifetimes of ZnSe-based devices. There
are also other important opportunities for Be-chalcogenides. FX
The high band gap of BeS6.15 e\j suggests the possibility "
of using these materials for ultraviol@V) optoelectronic
applications. In addition, B&n; _,Se has the unique advan- DL
tage that it can be lattice matched to Si at about0.5. In

the present paper we report optical measuremigaitstolu-
minescence, Raman scattering, and infrgi&d reflectancé

of the direct band gap and of the optical photon energies of
Be Zn, _,Se alloys for a wide range of Be concentrations.

FX

DAP x=0.03

PL intensity, arb. units

1. EXPERIMENT

The BgZn; _,Se (0<x=<1) samples used in this study
were grown by molecular-beam epitaxi(/BE) on (001)
GaAs substrates at 310 °C. The thicknesses of the sample:
were between 0.3—&m. During the growth process the sur-
face reconstruction was monitored by reflection high-energy AP DL
electron diffraction(RHEED), which indicated a “streaky” J k ' L : | |
pattern for all Be concentrations. The Be content of the al- 350" 200 '450 500 550 ' 500 ! 550 : =00 ' 750
loys was determined from lattice parameter measurements by
x-ray diffraction. Wavelength, nm

PhotoluminescencéPL) spectra were excited by the gig 1. 10-k PL spectra of B&n,_,Se =0.03, 0.09, 0.15, 0.29, and
325-nm line(10-mW powey of a HeCd laser, and measured 0.34 grown on GaAs.

x=0.34

1063-7826/99/33(9)/3/$15.00 1021 © 1999 American Institute of Physics
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2. PL SPECTRA
FIG. 2. BgZn, ,Se band gap: solid squares—10-K PL spectra; open

circle—300 K reflectivity data from Ref. 13; dotted line—linear extrapola- PL spectra were used to measure the direct band gap
tion from ZnSe to BeSe. energy of BeZn,_,Se fromx=0 to 0.34. As in the case of
pure ZnSe epitaxial layefsthe low-temperature PL spectra
of Be.Zn, _,Se were dominated by a free excit@eX) line
frequencies and damping were extracted using a standa d a broad deep leveDL) band (see F.'g' 1 For lO.V\./X
modeling procedure of the reflectivity spectra via multi-( 03, 0‘09.’ and O.])5donor-acc¢ptor PaliDAP) transition
mode representation of the alloy dielectric function. bands having a.0 phonon replica(for x=0.03) are also
r%:Iearly resolved. Because of the increase in the half-width of

The Raman spectra were obtained with the argon io EX i ith i ing BeS ¢ 12 meV f
laser line excitation using 514.5-nm line, and measured atpe ine with increasing BeSe conte(from mev: tor

300 K using a DFS-52 double monochromator. Hyeand X_:O'O?’ to 40 meV forx=0.34), theDAP transition for
xx components of the Raman spediraere thex/|[ 100] and higherx (0.29 and 0.3%appears as a weak shoulder at the

; low-energy side of théX line. We observed a strong sup-
010]) excited from the(001) growth plane were ana-
I};/lged ) exci (001) growth p W pression of theDL emission forx>0.3, indicating improve-

ment of the quality of the material.
Increasing the Be content results in a strong shift of the
FX line toward higher energies. As an example, for

x=0.34 theFX line was observed at an energy as high as
3.63 eV. Figure 2 shows thEX line position versus BeSe
content, including BeSe direct band energy measured in Ref.
3 by reflectance spectroscopy. Note that all experimental
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FIG. 3. IR spectra of B&n, ,Se x=0, 0.23, 0.57, 0.81, and) neasured
at 40° angle of incidence: solid curve—experiment; dotted curve—FIG. 5. Dependence of the polar optic phonon frequencies on Be content in
modeling. Be,Zn, _,Se.
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points are close to the straight line that connects ZnSe analso gives evidence of anticlustering effects in the group-Ii

BeSe band gaps, indicating negligible bowing. sublattice’> Such effects may be driven by the very large
difference in the ZnSe and BeSe bond lengths. We also note
3. PHONON MODES OF Be,Zn;_,Se that the absence of zinc-blende forbidden components for

LO,, andLO,, bands in the Raman spectris indicative of

IR (Fig. 3 and RamairiFig. 4) spectra reveal three polar :
(Fig. 3 Fig. 4) sp P tetragonal symmetry of the ordered atomic arrangerhent.

optic phonon modes of the Bén,_,Se lattice for 0.0&x
<0.08 (Fig. 5. They are denoted in Figs. 3, 4, and 5 as
TO14, TO,,, and TO,, (transverse componentsand ;E-mail: AIexander.Mintairov.[@nd.edu ' o
LO,,, LO,,, and LO,, (longitudinal componenis We The weak structure at 510 crh in xx configuration is the second order
identify two of them(subscripts 2 and ) that appear in spectra of GaAs substrate.
the frequency range 400—570 cfas BeSe-type modes and
one(subscript &) that appears at 200—250 ctas a ZnSe-
type mode. Fox<0.6 we also identify a weak polar mode 1A, Waag, F. Fischer, H. J. Lugauer, Th. Litz, J. Laubender, U. Lunz, U.
at ~190cm !, which can be attributed to ZnSe-type vibra- ?,ﬁggeﬁgt;’g Zcégs(ig’ggl' Ferhardt, M. Moller, and G. Landwehr, Appl.
tion. The ZnSe-typd O,, mode shows an unusual behavior: 2. Gutowski, N. Presser, and G. Kudlek, Phys. Status Solid2g 11
an increase of frequency with decreasing density of the ZnSeé\(199O- _ _
content(see Fig. 5. We suggest that this follows from the iéZ’lgFgLﬂe('lgé;ousquet’ P. Brunet, and E. Tournie, J. Cryst. Growth
positive TO phonon dispersion characteristic of bulk binary g ennion, F. Moussa, G. Pepyand, and K. Kunc, Phys. Le86377
ZnSe? As can be seen from Fig. 4, all observed modes obey (1971).
zinc-blende Raman selection rules, which imply a domi- Z/A\- ,':A/'-miﬂttairov iﬂiHélTemkinvagysMRle\;{_ 35’,\‘5'{‘77;1'977).“_| i

H . H . M. Mintairov, P. A. blagnov, V. G. Melenin, N. N. Faleev, J. L. Merz,
nanCOeu:)fotbhsdéglactci)orrlpgfn?hnetst\:vnc()ytg:/(;))gfslgg;’aBtlgg.e modes indi- Y. Qiu, S. A. Nikishin, and H. Temkin, Phys. Rev. %6, 15836(1997).
cates that there are two different local arrangememitder-  This article was published in English in the original Russian journal. Repro-
ing) of the BeSe bonds in the alloy lattice. Our observationduced here with stylistic changes by the Translation Editor.
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Excitonic molecules with two to six excitons trapped by quantum dots or isoelectronic impurity
centers are studied theoretically and experimentally for the first time. Such excitonic

molecules can exist only in many-valley semiconductors. A model of an excitonic molecule,
valid for a large number of valleys in the conduction and valence bands, is examined. The
formation kinetics of excitonic molecules is discussed. A material feature of excitonic

molecules bound on quantum dots is the existence of tunneling transitions of excitons between
guantum dots. ©1999 American Institute of Physids$S1063-782609)02609-3

The properties of excitonic molecules and excitonic lig-state is 4. Since the energy required to trap an excitonic
uid in single-valley semiconductors differ markedly from molecule by a quantum ddper exciton is higher than the
those in many-valley semiconductors. For single-valleyspin-orbit interaction energy in the valence b5 eV in
semiconductors the terms excitonic molecule and biexcitofisaP, we will disregard this interaction. Quantum dots can
are synonymé&:2 An excitonic liquid in single-valley semi- then capture six excitons, because the valence band is sixfold
conductors is an insulatd# Strongly bound molecules with degenerate, and the conduction band possesses a camel-
two, three, and up to six excitons are possible in many-vallejiump structure with an approximately 0.05-eV hump. From
semiconductors® Correspondingly, an excitonic liquid in analysis of the luminescence spectra we obtain an energy
many-valley semiconductors exhibits metallic properties inEz. Which is related to the ground-state eneifgly in the
all known cases. The main reason for the large difference ifnolecule by the relation
the basic physical properties of excitonic molecules is that Sy
many-valley semiconductors possess a degenayadactor = :} 2 E., 1)
greater than 2 in the conduction band and in the valence Loz
band. The terms excitonic molecules, excitonic complexes

and polyexcitons, often used in the literature, should bevvherez is the number of excitons in the molecule<6).

. " .. . Correspondingly, the positiof, in the spectrum is related to
treated as synonyms. Isoelectronic impurities and artificially . .
the ground-state energy in the following way:

producted quantum dots in many-valley semiconductors in-
clude not only electrons, holes, and excitons but also exci- E,=zF,—(z—1)F,_;. 2
tonic molecules consisting of a large number of excitons. . ) o

Excitonic molecules are smaller in size than the radius of L€t us consider a simple model of an excitonic molecule,
a free excitor?”” The luminescence spectra of bound eXci_where the smgle—ele.ctron wave function is identical for holes
tonic molecules have been found to be similar to the spectrdd €lectrons and is spherically symmetricwe assume
of free excitonic moleculeEach line in the spectrum cor- At Me=Mp=Mey. For simplicity, we use a hydrogen-like

responds to a decrease in the number of excitons in the mo‘ifIal wave function

ecule by one, i.e.E,—~E, ;. The luminescence line corre- 1 R
sponding to thez excitons lies in the redder region of the V(R)= —eT,
spectrum than the line corresponding to thel exciton. mr

The distance between the spectral lines corresponding to trWherer is the effective radius of the excitonic molecule. We

luminescence of excitonic molecules bound on quantum dots, , e, \write the kinetic energy of the electron-hole pair as
is generally larger for free molecules. It is of special interes

: ’ ) ) follows:
to investigate the luminescence of bismuth-doped GaP crys-

tals (GaP:Bj, since the isovalent bismuth impurity in these h2 h2 h2

crystals can capture one electron and one hole with binding Ek:2 >t ormr2 = >

energy less than 0.05 elRef. §. In this paper, we treat this Ml Mel™ Me

impurity as a quantum dot. Since the electron and hole wave functions are identical, the

In the well-known semiconductors, such as Si, Ge, andtharge density in the Hartree approximation is zgs¢R)
GaP, the binding energy of free electrons and excitonic mol=0]. If the number of excitons in an excitonic molecule is
ecules is less than the spin-orbit splitting of the valence bandarge, then the exchange energy can be ignored, since the
For this reason, the degeneracy factor of the hole groundlectrons and holes which encounter one another have, as a

1063-7826/99/33(9)/3/$15.00 1024 © 1999 American Institute of Physics
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GaP : Bi

Photoluminescence
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Energy, eV

FIG. 1. GaP:Bi luminescence spectra from Ref. 8. The Bi density is ap
proximately 187 cm™3, T=2 K. The peaks in the luminescence spectrum at

energies 2.06, 2.09, 2.12, and 2.14 eV correspond to different bound excl

tonic molecules.

rule, different wave numberspins or valley numbejsThe
correlation potential energy per electron—hole pair ) is
approximatelye?/eL, where

SEk
V 6me?ng,

The effectivee—h pair density in the molecule is

2
— -3
=—2zr °
9
The energy pee—h pair in an excitonic molecule can be
written as

L

nex

e? [
Fzz———AJ' 47R?|¥ (R)|*dR+E,
el 0
e? Al1 212 2 L 21 c .
= E r—2+T+ ex T +Ey, ()

wherel is the radius of the quantum well. The radiusf the
excitonic molecule is determined from the condition

dF,
dr =0
The coefficientA is chosen from the condition that if the
Coulomb energy is removed in E) for F, (e=0), then

A. A. Rogachev 1025
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FIG. 2. Calculation of the energy of excitonic molecules. The positions of
the lines in the luminescence spectra are measured from the energy of free
‘electrons and holesE}). The solid line represents the energy of an
electron—hole pair wittE, =0, the dashed line corresponds to the binding
snergy of an excitonl — Energy in the spectrum of free excitonic mol-
ecules;2 — energy of excitonic molecules with a different number of
electron—hole pairgor excitong bound on Bi atoms.

muth atoms. The formation of excitons from electrons and
holes produced by illuminating the sample is the fastest pro-
cess, and its time is close to the cooling time of the light-
generatece—h pairs (10 '2s). Capture of excitons on Bi
impurity atoms requires a time on the order of 1bs,
which is less than the lifetime of bound excitons. Therefore it
can be assumed that illumination of the sample with a pow-
erful light source directly produces excitons trapped at im-
purity atoms. These bound excitons move along the crystal
by tunneling. If a bound exciton is found to be on an impu-
rity atom where a trapped exciton is already present, then a
trapped biexciton is formed. In principle, bound biexcitons
can also diffuse by tunneling, but in this case the barrier is
higher and the diffusing particléiexciton is heavier. Simi-

lar considerations also apply to the formation of other bound
excitonic molecules. At low temperature tunneling can only
increase the number of excitons in a bound molecule, be-
cause upon formation of a large molecule the energy is lost
and the reverse process is impossible. The main recombina-
tion channel for bound excitonic molecules is Auger recom-
bination.

Auger recombination in trapped excitonic molecules
with the largest number cg—h pairs and, correspondingly,
the highese—h pair density, becomes the most intense re-
combination. Thus, in a simplified model of recombination

F, should be very small in absolute magnitude but still negaonly Auger recombination in hexaexcitons need be consid-

tive (weak coupling. The width of the quantum well is cho-
sen in such a way thd%, obtained from Eq(3) would be
identical to the experimental value. For the experimenta
(Fig. 1) and theoreticalFig. 2) results to agree, must be
chosen to b 6 A ,i.e., on the order of 0.1 of the exciton
radius.

The density of Bi atoms in the GaP crystal was approxi-
mately 13" cm™3, which makes tunneling the main method
of diffusion of excitons bound at an impurity between bis-

ered. Under these assumptions the system of kinetic equa-
tions can be written in the form
|

Nex 6
=145——=2asNgNex— @3NeNp— @aNe3
dt T
— asNedy— agheds,
dn, dng
dt = aoNegex— 3NNy, dt = azNegNp— ayNeNz,
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dn, dnsg six excitons are trapped in the ground state of a quantum dot

T a4NeN3— a5Nedy, W:a5nexn4_ agNexs, and that the binding energy of the excitons increases with
decreasing diameter of the quantum dot.

dng Ng This work was supported by the program “Integration,”

gt~ eNeNs™ @ project No. 326.37.

where | is the intensity of the light exciting the lumines-
cence,a, is the trapping coefficients is the lifetime of ex-
citons in hexamolecules, ang,, ns, n,, ns, andng are,
respectively, the densities of biexcitons, triexcitons, tetraex
citons, pentaexcitons, and hexaexcitons that are trapped on
guantum dots. The steady-state solution is

*)E-Mail: arog@Ies.ioffe.rssi.ru
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In summary, it can be regarded as proved theoretically

and experimentally that in many-valley semiconductors up taranslated by M. E. Alferieff
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In an Auger transistor formed from an Al-Sién-Si heterojunction with a tunneling-thin oxide
layer we have investigated high-frequency instabilitieSodnd N-type in the collector

current which arise during tunneling injection of hot electrons from the metal into the
semiconductor. An Auger transistor is a new type of device in which a metal—insulator
heterojunction is used as the wideband semiconductor emitter and the base of the transistor

is induced by an electric field in the form of a self-consistent quantum well for holes on the silicon
surface. The electrons injected from the metal into the semiconductor with a high kinetic
energy(greater than 1 eMduring impact ionization generate electron—hole pairs in the region of
the base—collector junction. This disrupts the current balance of the transistor and leads to

the appearance of an unstable currenSobr N-type in the collector characteristi¢s a circuit

with a common emittgr The nature of the instability is connected with the large current

gain in an Auger transistora(>1). © 1999 American Institute of Physics.
[S1063-782629)02709-X

The use of the heterostructure Al-Sih-Si with a  passing above the self-consistent surface quantum well for
tunneling-thin oxide layér to create an Auger transistor is holes, and then lose their kinetic energy in the process of
so far a unique realization of the idea of Kmer to create a generation of electron—hole pairs and phonons upon impact
transistor with a wideband hetero-emittedespite the fact ionization? Additional heating and cooling of electrons takes
that numerous theoretical efforts have been made to identifplace over its mean free path of 10cm. At the same time,
the right heteropairs. In an Auger transistor, current gain ighe drift region, i.e., the space charge region of the base—
achieved as a result of impact ionization, which is producedollector junction, is usually not less than Tcm wide.
by hot electrons injected from a wideband emitter into the  The superthin base of an Auger transistor allows the
narrowband basé.The transistor structure Al-SiGn-Si  electrons to pass straight through the base ballistid&iy.
uses a metal-silicon oxide heterojunction instead of a semit). Therefore, the time of flight of the electrons through the
conductor wideband emittéFig. 1), where the oxide should base cannot limit the working frequency of the Auger tran-
be transparent to electron tunneli@ few nanometers sistor or the impact ionization tim@n the order of 10%3s).
thick). In this case, the kinetic energy of the electrons tun-The response time of an Auger transistor is determined vir-
neling from the metal into the semiconductor is so large thatually only by the charging time of the emitter—base capaci-
generation of electron—hole pairs in the silicon becomes pogance. For a current density of 48/cm? and emitter area of
sible during impact ionizatiorfAuger generation Another  0.2um? the limiting frequency can be increased to410
device utilizing Auger generation in semiconductors is a—10?Hz (Ref. 7). This frequency approaches the limiting
Read diodé. This devices operates in the frequency rangeworking frequency of a Read diode, which at present pos-
10*— 10" Hz, but this is a two-contact device, which createssesses the shortest response time among semiconductor de-
great difficulties in its application. In bipolar transistors, cur- vices.
rent gain is connected with diffusion or drift of carriers The kinetic energy received by the electron during bal-
through the base of the transistor. In an Auger transistolistic transit of the base is equal to the depth of the well
based on the structure Al-Sjon-Si, in contrast to a Read (0.7 eV) and is equal to roughly half of the threshold energy
diode, the regions of generation and carrier drift are almost1.5eV) of impact ionization in silicon. The existence of
completely spatially separated. Impact ionization occurs nealleep self-consistent quantum wells on the surface of the sili-
the base of the transistor, and drift, in the region of the base-€on layer makes it possible to control the energy of the fast
collector junction. The rate of generation of electron—holeelectrons taking part in the impact ionization and, in essence,
pairs is determined by the voltage supplied to the Bdse. to control the appearance 6f andN-type instabilities in the
The base of the transistor is formed under the action of theollector current of the Auger transist@n a circuit with a
electric field of the oxide in the form of a self-consistent common emitter®~’ For small currents in the base circuit
guantum well for holes on the surface in theype silicon the collector characteristics of the Auger transistor are simi-
layer and has a thickness about 10 A for well depths up tdar to the characteristics of bipolar transistors. But with
0.7 eV. Electrons tunnel-injected from the metal and theregrowth of the base current the collector characteristics ex-
fore possessing a large kinetic energy substantially increadabit a growth of the current gai@ that is characteristic of
their kinetic energy in the field of the base of the transistoran Auger transistor; whepB becomes negative, instabilities

1063-7826/99/33(9)/3/$15.00 1027 © 1999 American Institute of Physics
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arise. The appearance 8flike instabilities of the collector eN
current(Fig. 2) is typical already at collector current densi- I=—ex —(Z/ﬁ)f pdx|, 1)

ties about 18A/cm?. At higher current densitie$greater
than 5x 10° Alcm?) N-type instabilities are observed in the where the integral (2/)fpdx, which defines the tunneling
Auger transistor in the region of low voltages on the collec-probability, is taken over the classically inaccessible region;
tor (Fig. 3). In some cases a transition from &type insta- N is the two-dimensional density of the electrons that can
bility to an N-type instability is observe¢Fig. 4).5' participate in tunneling, and is the characteristic collision
To describe tunneling currents of electrons and holegime of the electrons located in the potential well. We can
through a potential barrier, the semiclassical approximatiotiepresent all tunneling currents flowing in an Auger transis-
is often used. Employing this approximation, the tunneling
current can be written in the form
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FIG. 2. ExperimentaG-shaped collector characteristics of an Auger transis-
tor in a circuit with a common emitteif =300 K. The numbers alongside FIG. 3. ExperimentaN-shaped collector characteristics of an Auger tran-
the curves give the values of the base curtgnt sistor in a circuit with a common emittef;= 300 K.
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ing current from the metal into the conduction band of the

Iy, mA semiconductot,,,., and depends on the impact ionizatian
I auge=Almc (Ref. 7). The ionizationA reflects the depen-
4or 1.0 dence of the Auger generation current on the energy of the

injection electrongsee Fig. 1 Equation(3) has two solu-
tions since the Auger hole current increases with increasing
ok impact ionization, i.e., any value of the base current corre-
sponds to two values of the base voltage and correspondingly

‘é 251 two values of the collector current. Each value of the base
- current can be realized in two different cases: in the first, at
20 0.8 a small Auger current and small base voltadg=(lmc
15 +1m,), and in the second, at a large Auger current and a
0.6 large base voltagel §=1yct 1 my—lauged . In the first case
10F the collector current¢ is small, and in the second, the col-
0.4 lector current can be several orders of magnitude larger.
sr 0.2 N-type instabilities(Fig. 3) appear when the collector

! 1 L 1 : voltage is small, and depend not only on the base and col-
4 U 6 v 8§ 10 lector voltages, but also on the concentration near the silicon

¢ surface of electron—hole pairs formed earlier during impact

FIG. 4. Experimental collector characteristics of an Auger transistor in alOnization in a time less than the resorption tinktype

circuit with a common emitter. For small voltages on the colleGdype  instabilities are similar to the instabilities observed in a Read
instabilities go over td\-type instabilities,T =300 K. diode. This is the highest-frequency current instability in an
Auger transistor. There are two paths of resorption of the

electron—hole cloud. The first is in the electric field of the

tor in a form analogous, for example, to the current for eleccollector, and the second is in the form of the leakage cur-
trons tunneling from the metal to the semiconductor throughrent, i.e., the hole tunneling current from the semiconductor

the oxide layer: into the metal. The first process leadsNeype instabilities
— in the collector current, and the second gives ris&tgpe
o= ev exp{ 4y2m d[v3’2—(V—vox)3’2] ) instabilities. Both types of instabilities are high-frequency
16m2hd? 37V ox instabilities. The nature of this phenomenon is purely quan-

(20 tum mechanical and is associated with the strong electric

HereeV= ¢, is the work function of the electrons from the fields at the surface of the silicon layer.
metal to the conduction band of the silicon-oxide layer; ~ This work was supported by grants from the Russian
m* =0.29m; is the effective mass of the tunneling electronsFund for Fundamental Resear@to. 97-02-1835§ the Rus-
in the silicon-oxide layerd is the thickness of the oxide Sian Ministry of Science under the program “Promising
layer, andVy,= (Epy— Eco)/e is the voltage drop across the Technologies and Devices of Micro- and Nano-Electronics,”
oxide layer. The calculations are described in greater detaf039.04.213.68.4)2 and the program “Integration”
in Refs. 6 and 7. (326.37.
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Use of a superhigh (£6-10°°C/s) rate of cooling of a solution—melt substantially extends the
possibilities of the method of liquid-phase epitaxy. In the case of the system Al-Ga—As

we demonstrate the influence of superfast cooling on the main parameters of the as-grown layers,
such as their thickness, composition, and carrier concentration. Possibilities of the method

for obtaining various semiconductor heterostructures with Kighto 12% lattice mismatch of

the contacting materials are considered. 1@99 American Institute of Physics.
[S1063-78262902809-4

1. INTRODUCTION quite easy to control the rate of cooling here by prescribing
the temperature distribution along the graphite housing, and
. Iso by varying the speed with which the substrate is moved
taxy (LPE), recent years have Wltneggeq a newltrend base long the surface. The cooling rate at different temperatures
on the use of conditions far from equilibrium during crystal- of the onset of crystallizatiof650—950 °C was measured
Iizatiqn. This is aghieved by using superfast cooling of theby introducing a thermocouple into the solution—melt. These
splutlon—melt d“”f_‘g groyvth. A_spemally d_eveloped tBCh'vaIues showed that for temperature gradients along the sur-
nigue which permits rapid cooling of a thin layer of the face of the graphite housing equal (80—50)°Clcm the

solution—melt immediately adjacent to the phase bounda%ooling rate can reach values in the rar{§80—600) °C/s.

makes it possible to control the cooling rate over a Wlde'I'he time and temperature intervals of growth at enhanced

interval up to values in the range (4010%°C/s (Ref. 1). cooling rates werg1.5-3.0s and (300-600 °C, respec-

The use of superfast cooling makes it possible to sub-. .
. o . tively. Further cooling of the system to room temperature
stantially expand the possibilities of the LPE method in com- y 9 Y P

parison with the widely used methods of growing Iayerst00k place at average rates o0.5°C/s. To grow AlGaAs

from a solution—melt. Thus, for example, cooling at rates instructures, a buffer layer of 463, As with constant com-
N X ' . ' . osition as first grown on the GaAs substrate with a
the rangg300-600 °C/s has made it possible to obtain con- position X, w ISt grow . W

tiguous planar layers of GaAs on Si equal or superior in theiFOOIIng rate of 0.25 °C/min; then from this same melt crys-

. : llization rhigh ling r w. rformed.
degree of crystalline perfection to layers grown byta ation at superhigh cooling rates was performed
molecular-beam or gas-phase epitaxy, and also to obtain

solid solutions of the compositions (&¢(GaAs),_, and 3. MEASUREMENT OF THE THICKNESS AND COMPOSITION
(Si,)(GaAs), _, (Ref. 2. OF THE AS-GROWN LAYERS

In the present paper we report the results of an experi- 14 study the effect of enhanced cooling rates on the
mental study of the influence of highly nonequilibrium con- thickness of as-grown layers, we examined the binary system
ditions during crystallization on the main parameters of asa_As, where if one knows the parameters of the growth
grown layers of semiconductor materials based on thgyrocess, it is possible to calculate in a quite simple way the
system Al-Ga-As and demonstrates the potential of usingyjckness of the deposited layer with high accuracy.
sup_erhigh cooling_rates when cooling solution—melts in the  The thickness of the as-grown layers was measured by
fabrication of semiconductor layers. visual inspection of a cleavage of the structure under an op-
tical microscope with an accuracy af0.2um. Results of
measurements of the the thickness of the layers are presented
in Table I. The calculated values of the layer thicknesses

In our work we used liquid-phase epitaxy. This methodpresented in the table were obtained for the case of equilib-
allows one to perform crystallization under conditions of su-rium crystallization from a semi-infinite layer of solution—
perfast cooling over a wide temperature range. In this casenelt under diffusion-limited conditions imposed on macro-
superfast cooling is achieved by continuous and intense exransport in the liquid phase.
traction of heat through the solid phase over the entire pre- In the calculation we took into account the temperature
scribed interval of epitaxial growth. This is achieved while dependence of the diffusion coefficient and the solubility of
moving the substrate in contact with the solution—melt alongAs in the liquid phase. As can be seen from the table, the
the “cold” surface of the graphite housing of the cassette.experimentally obtained values of the layer thicknesses
whose temperature decreases in the direction of motion. It igreatly exceeds their calculated values. Since forced mixing

In the development of the method of liquid-phase epi-

2. EXPERIMENT

1063-7826/99/33(9)/4/$15.00 1030 © 1999 American Institute of Physics
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TABLE |. Thickness of the GaAs layer grown under different conditions.

a
To, °C v,°Cls t,s Nexp, wm Near, wm B
950 610 1.0 15.0 7.0
850 460 1.24 7.0 1.46
800 415 1.3 45 0.58 "E 0.05
750 365 1.4 2.8 0.21 £
Note T, — initial growth temperaturey — rate of cooling of solution— =
melt,t — growth time of layer for superfast cooling,, — calculated value Eﬁ
of layer thicknessh,,, — measured layer thickness. 2 0.03
“ <
8

of the solution—melt was absent, an increase in the layer 0.01
thickness is most probably associated with an increase in the
rate of mass transport in the solution—melt due to natural
convection induced by the steep temperature gradients aris-
ing in the liquid phase. The greatest influence here is prob-
ably exerted by the steep horizontal gradient along the sub-
strate surface.

The profile across the thickness of the layer of the com-
position of the epitaxial AlGa _,As solid solutions grown
under conditions of superfast cooling was studied by
secondary-ions mass spectroscd®yMS) on a CAMECA
IMS-4f ion microscope. The mean rate of ion etching was
determined from the depth of the etching craters measured
with the aid of a Dektar-2000 mechanical profilometer.

,mol. fract.
(o)
<o

LAs

The measurements showed that independent of the initial s
composition of the solid phase, the AlAs distribution across
the thickness of the layer has a characteristic minimum. As
an example, Fig. 1 shows the distribution of the AlAs con- 07

tent across the thickness of the layer for two limiting values

1 |
of x,. As can be seen from Fig. 1, the AlAs content is 0.25 0.50

always observed to increase near the surface of the layer. bpam

Such a dep_endgnce is the result of the Combl_ned influence %‘G. 1. Distribution of the AlAs concentratiofx) with thickness of the
the cry;talllzatlon process of superfast 900||ng and natur?;&lxeai_xAs layer(L is distance from the surface of the lay€F,=750 °C,
convection. As a result of superfast cooling, the change in=320°C/s, temperature interval of growth 450 IG— experiment2 —
sign of the gradient of the composition of the solid phasecalculation(for conditions of equilibrium cooling a — concentration in the
takes place at a significantly higher temperature in compari2!ffer 1ayerx,=0.05, b — concentration in the buffer layeg=0.77.

son with the case of equilibrium cooling. Superfast cooling

also expands the initial range of compositions of the solid . S
phase at which the distribution of the AlAs content over theGaAs(OOl) substrates, and in the vicinity of t{@33) reflec-

thickness of the layer is not monotonic. tion for structures grown on GaA%1l) substrates.

Capactance-olage measurements o the carier cor, 11, %°9°2 1 S Syiaine pereen o e
centration, performed on the surface of the layers with the b

aid of a mercury probe, showed that intentionally undopeaCOeﬁcICIentS of the diffraction peaks from the layayers,
L . : and of the substrate, from the presence and extent of the
GaAs layers have-type conductivity with carrier concentra-

tion ~10"cm™3, and AlGaAs layers have 10"°cm™3. interference pattern.
Comparison of the shape and parameters of the calcu-

lated and experimental diffraction reflection curves, where
the calculated curves were obtained in the dynamic approxi-
mation without allowance for the diffuse scattering by struc-
tural defects, allows us to state that crystallization of the
X-ray diffraction studies were performed on a TPC-1 obtained structures takes place in an epitaxial growth regime
high-resolution x-ray diffractometer. To collimate the pri- that is near the two-dimension@D) ideal. In this case there
mary X-ray beam and render it monochromatic, we used are only defects of point and cluster type, which are localized
perfect single crystal of GB01), which is asymmetric for in the epitaxial layer. For the homoepitaxial structures
reflection of (004) CK,, radiation and provides a diver- GaAs/GaA$001) the half-width of the diffraction maximum
gence of the monochromatized radiation of 1 arcsec. The difis 10.3 arcsec.
fraction reflection curve$sDRC’s) were recorded in the vi- A photoluminescencéPL) study was performed after
cinity of the (004 reflection for structures grown on the samples were pumped with an LG-106 argon ldser

4. X-RAY STRUCTURE AND PHOTOLUMINESCENCE
STUDIES
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FIG. 3. Photoluminescence spectra of a sample wjth 0.5, recorded at
T=77 K. 1 — initial spectrum,2 — modified spectrum.

trum of this structure is shown in Fig. 3. As can be seen from
Fig. 3, the spectrum consists of a group of intense peaks
located in a region near~0.61um. A similar structure was
observed earlier for AlGa, _,As layers grown by gas-phase
epitaxy from metallo-organic compounds, and was inter-

)

06 0.7 0.8 0.9 preted as photoluminescence of a bound exciton and several
Wavelength , pm phonon echoes. Such spectra are characteristic of high-
quality layers.
FIG. 2. Photoluminescence spectra of®@& _,As structures with different An interesting peculiarity of the investigated structures

AlAs contentxy, in the buffer layer, measured @t=77 K. . . . . .
S Xo !l Y Y su with 0.5=x,=0.55 was the irreversible change in their pho-

toluminescence characteristics that took place when the
=0.5um) at 77 K. The excitation density was varied in the pump.densny was increased to 1 kW/cat 7.7 K. The pho- .
toluminescence spectrum of a sample subjected to such “la-

range 101000 W/cfn : ser annealing” is also shown in Fig. 3. Modification of the
Figure 2 shows photoluminescence spectra of samples

differing in the AlAs content in their buffer layer. The pho- spectrum concluded with an abrupoughly twentyfold de-

toluminescence spectrum of the sample with AlAs content crease in the intensity of the exciton line and phonon echoes

the buffer layerx,=0.26 shown in Fig. 2, is typical of all In the region\~0.61um and in the appearance of a wide

structures withx,<0.45. As can be seen from the figure, the band @hy 200 meVf with A g, -0.69um. At room tem-

) . Eerature changes in their photoluminescence characteristics
spectrum contains two maxima. The short-wavelength peal . . :
were not observed. Possible mechanisms of such behavior at

cqrr.esponds to radiation from the region of the samplg With77 K were considered earlier and linked with optically in-
minimum AlAs content, and the long-wavelength maximum 4 \ced annealing of defects, and also with a recombination—

is due to radiation from the region of the substrate. The ex- . . R . .

; L . generation process of impurity diffusion with formation of
perimentally observed minimum values of the half-width of an arsenic vacancyl)—impurity donor complex
the short-wavelength photoluminescence maxiniim are S '
about 12meV. SuclAhv values are indicative of the high
quality of the ALGa, _,As epitaxial layers grown under con-
ditions of superfast cooling of the solution—melt. THE PREPARATION OF SEMICONDUCTOR LAYERS

. ... FROM SOLUTION-MELTS

The photoluminescence spectra of structures with
Xp=0.6 are characterized by the presence of a low-intensity The possibilities of the method, in which heterojunctions
short-wavelength band due to carrier recombination in thef different types of semiconductor materials were grown,
indirect-band material AGa, _,As. were studied. The degree of crystalline perfection was esti-

The most interesting effects in the photoluminescencenated from the half-width of the diffraction reflection curves
spectra were observed when examining structures with ~ (Table Il). It can be seen from the table that this method
the region of the minimum at which the dependence of thellows one even to obtain GaSb layers on GaP substrates,
widths of the direct and indirect band gaps on the composiwhere the lattice mismatch reaches 12%. The possibility of
tion [Eg(x) and Eg(x), respectively intersect. A typical obtaining GaAs/Si and other heterostructures with large lat-
photoluminescence spectrum of a structure of such type wittice mismatch points to the fundamental possibility of creat-
x,=0.5, recorded at an excitation density50 W/cn?t, is  ing Ill-V/GaAs/Si type heterostructures, including those in
shown in Fig. 2. A more detailed photoluminescence specwhich an entire set of different materials is combined in one

5. POTENTIAL OF USING SUPERHIGH COOLING RATES IN
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TABLE II. Parameters of various heterostructures grown under conditionsg, CONCLUSIONS
of superfast cooling of the solution—melt.

Mismatch of Half-width of Layer . In this study we have demon;trated thg possibility of
Heterostructure lattice periods, %  DRC, arcsec.  thickness,  USing superfast cooling of a solution—melt in LPE. In the
GaSb/InAs 06 73 10 mstgncg of the Al-Ga—-As system we have s.hown that Fhe
GaAs/GaP 3.6 130 1.0 application of superfast cooling makes it possible to signifi-
Al 3Ga AslGaP 3.6 118 10 cantly expand the possibilities of LPE for controlling the
GelGaP 3.7 145 15 e
GaAs/Si oy 150 15 pgrameters.of the as—gr.own Ie}yers. In ad@mon, use of the
GaAs/GaAs/Si 4.0 110 15 given technique makes it possible to obtain heterostructures
GelSi 4.1 143 1.0 with significant(up to 12% lattice mismatch of the contact-
InP/GaP 7.4 277 1.0

ing materials and metastable solid solutions.

The simplicity of realization of this technique and the
high quality of the layers grown by it ensure the future wide
application of this technique in the fabrication of semicon-
ductor materials and devices.

GaSb/GaP 11.7 155 50.0

heterostructure. As can be seen from Table I, increasing the

number of layers grown in a GaAs/Si heterostructure leads to

an increase in their degree of crystalline perfection. With the

aid of this method, even for large lattice mismatch of the 1A V. Abramov. N. G. Dervadin. and D. N. Tretvakov. Semicond. Sci
contacting materials, we obtained contiguous layers with Técr{nol.n, 60‘7(1.99(-3. yagin, T yarov, T
thickness less than Oum. Thus, GaAs layers grown on GaP 2A. V. Abramov, N. G. Deryagin, and D. N. Tret'yakov, Semicond. Sci.
substrates had a thickness of 500 A with a thickness of the Technol.9, 1815(1994.

transitional layer of 10 A while the minimum thickness of

GaAs layers on Si was 20 A. Translated by Paul F. Schippnick
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GalnAsSb/GaShb heterostructures grown in the spinodal decay region by liquid-phase
epitaxy from Sh-enriched solution—melts
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Fiz. Tekh. Poluprovodr33, 1134-1136September 1999

Nearly isoperiodic solitary Ga ,In,As,Sb; _,/GaSb heterostructures, in which the composition

of the solid solution should be found inside the region of spinodal dex&0(4), were

grown by liquid-phase epitaxy from solution—melts enriched with antimony. On the basis of the
results of a study of structural and luminescence properties of BgAs Sh, _,/GaSb
heterostructures we have determined the main conditions ensuring reproducible growth of epitaxial
layers, homogeneous in the composition of their solid solutions in the region where the

existence of processes of spinodal and binodal decay have been theoretically predicted. It is shown
that the magnitude and sign of the deformation which the layer undergoes during growth

and also the thickness of the layer are the main factors influencing the properties of the growing
GalnAsSb solid solutions in the spinodal-decay zone. 1999 American Institute of
Physics[S1063-782809)02909-9

INTRODUCTION X-ray micro-analyzer or by secondary-ion mass spectroscopy

The quaternary solid solutions GglIn,As,Sb;_y, (SIMS.?[ '3 Ia%etrhs tht?se th!cknetssk,] W?fhless .tthamﬁ' The d

which are isoperiodic with GaSb, are promising materials fornagnitude ot the fattice mismatch ot the epitaxial layer an
the substrate f( ) was measured by two-crystal x-ray dif-

optoelectronics in the middle infrared region. However, it is “actometry Two-crystal rocking curvéRC) were obtained
expected that the possibilities of creating devices based o ) o . X
*P POSSIDII Ing devi the symmetric reflectiong00) and (333 as functions of

these compounds are limited because of the existence in thi} ) i .
the substrate orientation. To record the photoluminescence

system of a theoretically calculated, extended immiscibilitySpectra we used a cooled PbS photoresistance. The thickness

zone and a region of spinodal decay inside it. In light of this L X
circumstance, it has been assumed to be impossible to obta% ttheer epitaxial layers was measured on a DECTAK profilo-

solid solutions Ga ,In,As,Sb, _, isoperiodic with GaSb for
x>0.29(Refs. 1 and 2 The largest values of andy on the

GaSbh side of the isoperiodic cross section that were obtaineRESULTS AND DISCUSSION
earlier by liquid-phase epitaxyLPE) were x=0.23 and

y=0.20 when growing the solid solutions on Ga280) Our studies showed that the chosen conditions of epitax-

substrates, andx=0.26 and y=0.23 on GaSH11B ial growth can yield homogeneous layers having a mirror-
substrated; fell into the region of binodal decay but under smootth surfa(;ﬁ anq mfvi!mal }/?rl]uesxcgmtnc:\ delp:)ended, as
the significantly more nonequilibrium conditions of gas- exzeilel éot?] eor||ena|ono ngsu ngss. or(i?m}:: It
phase epitaxy were found near the spinodal decay boundal (119 ese vajues were 0.2 and .4, Fespectively.
as also found that for layers whogevalues corresponded

(x=0.3). In the present paper we report the synthesis, Witt i Vi I within th : h inodal
use of LPE from Sh-enriched solution—melts, the solid solu-2 COMPOSILONS Tying Well Within the region where spinoda

tions Ga_,In,As,Sb;_, (x=0.4), which are nearly isoperi- decay should be observed it is necessary to allow for the
odic with_é;abe L théyspinodal ’decay region strong influence on the crystallization of the layers of two

more factors that determine their degree of homogeneity.
This follows from the fact that on the basis of the rocking
curves and photoluminescence spectra these layers can be
Undoped epitaxial layers of quaternary solid solutionsclearly separated as to their degree of homogeneity into two
were grown from supercooled Sh-enriched solution—melts agroups. On the rocking curves obtained from layers of the
a constant temperature. This technique of preparing the coffirst group, only one peak, corresponding to the solid solu-
sidered solid solutions was first proposed by us and is detion GalnAsSh, was observéHig. 1). The sign of the lattice
scribed in our published papets In the present work the mismatch for these layers was negative, which is analogous
layers were grown at temperatures from 560 to 600 °C. Théo their pulling in the growth plane. The values of the lattice
degree of supercoolin T=T,—Tg (whereT, is the growth ~ mismatch in these layers varied from5X 104 to —2
temperaturewas varied within the limits from 8 to 120°C. x 103, from which it follows that at the growth temperature
The composition of the solid solutions in layers morethe values of the lattice mismatch were shifted by an addi-
than 1um thick was determined with the help of a Camebaxtional 1x 10~ 3. An additional peak with a half-width of 20—

EXPERIMENT

1063-7826/99/33(9)/3/$15.00 1034 © 1999 American Institute of Physics
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FIG. 3. X-ray diffraction rocking curvegCuK,, radiation near the
GaSh(333) reflection for a Ggedng 37AS 365k 64 €Pitaxial layer, grown on
a GaSK11l) substrate with indications of spinodal decdy — f,
=+1.94x103, 2 — f, =—1.5510%).

FIG. 1. X-ray diffraction rocking curvedCuK,, radiation near the
GasSh(333) reflection for a Ggsdng 41/ASy 365k 6, homogeneous epitaxial
layer, grown on a GaSd11) substrate {, =1.46x10 %),

25meV due to interband recombination was also present inomogeneity of the layers, their rate of growth decreased
the photoluminescence spectra of these sanipigs 2). The  rapidly from 3um/min atx=0.2 to 500 A/min ax=0.4 as
thickness of the homogeneous layers of the solid solutionghe composition shifted into the region of spinodal decay. On

whose composition corresponds to the spinodal decay zonghe rocking curves obtained from layers of the second group,
does not exceed 500 A. Note that regardless of the degree of

T T T T T v T T
T T T T T T T v T T T
- .
T=77K ] 5
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+ [ b
Z :
3 .
il 1%
c!“ =T
2 2
3 i S
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FIG. 4. Photoluminescence spectra of epitaxial layers of the solid solution

FIG. 2. Photoluminescence spectrum of & G, 4/ASy 35Sk 6/GaSh het-  Gay dNg 37280 365k 6/GaSh with different thicknesses, A:— 1000,2 —
erostructure. 360,3 — 200.
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two peaks were observed for the solid solutions with negait, where this is achieved by prescribing the lattice mismatch
tive and positive lattice mismatdlrig. 3). In other words, in  at the heteroboundaries and the thickness of the layer and its
these layers, whose composition also corresponds to th@omposition.

spinodal decay zone, the solid solution undergoes decay. The

decay of the solid solution is accompanied by a broadeningoncLusIONS

of the interband recombination band in the photolumines-

cence spectra to 50 meV. The thickness of these layers is N the present paper we have demonstrated the possibil-
usually greater than 500 A. It should be emphasized that dd¥ ©f varying the degree of inhomogeneity of epitaxial layers

cay of the solid solution was not observed in layers whos&Y Prescribing the lattice mismatch and the growth time. We

composition lay outside the spinodal decay zone, regardiedi@Ve found that a tensile stress in the layer parallel to the
of their thickness. heteroboundary and a small thickness (6-:@205um) are

More detailed studies of the effect of thickness on thePrerequisites for obtaining homogeneous solid solutions in

structural and optical properties of the layers for given com{"€ Spinodal decay zone. , _ ,
This work was carried out with the financial support of

positions of the liquid phase, growth temperature, and degree : )
of supercooling shows that when its value exceeddh® Russian Fund for Fundamental Resealeroject No.
~200A, an additional peak from the solid solution with 96-02-17864

positive lattice mismatch appears in the x-ray rocking curves,

and its intensity grows with thickness. Simultaneously, a de*E-mail: viv.kuch@pop.ioffe.rssi.ru

crease in the intensity and an increase in the half-width of the

interband recombination band in the photoluminescence

spectra was observe(Fig. 4). This indicates that with 1A, M. Litvak and N. A. Charykov, Zh. Fiz. Khim66, 923 (1992.

growth of the G@—xlnxASySbl—y layers(i.e., with increasing 2E. Tournie, J.-L. Lazzari, F. Pitard, C. Alibert, A. Joulie, and B. Lambert,
distance from the heteroboundiiy the region of composi- ;> APP!- Phys68, 5936(1990. . )

. . " _ A. G. Deryagin, N. N. Faleev, V. M. Smirnov, G. S. Sokolovskii, and
tions where spinodal decay should occur, the positive influ- v | vasifevm, IEE Proceedings Optoelectrabd4, 438 (1997).

ence of the tensile stress along the heteroboundary weaken$v. I. Vasil'ev, V. V. Kuznetsov, and V. A. Mishurrly Izv. Akad. Nauk
Thus, the results obtained in this work and in our previous_SSSR, Ser. Neorg. Mate26, 23 (1990.

5 HE . .
.6 ; o V. . Vasil'ev, V. V. Kuznetsov, V. A. Mishurnyi, V. V. Sazonov, and
paper§ allow us to conclude that in the epltaX|aI growth of N. N. Faleev, inProceedings of the First International Conference on

solid solutions with compositions GaIn,As,Sb, _, from Epitax. Growth(Budapest, 1990 p. 659.
Sbh-enriched solution—melts it is possible to simultaneously®V. I. Vasilev, F. G. Deryagin, V. I. Kuchinskj V. M. Smirov, G. S.

control the properties of heterostructures by varying the de- 20'20'05";”1’93- N-TTrEfﬁkOV’Laf:tdz Né Nagaiz‘;vy Pis'ma Zh. Tekh. Fiz.
gree of inhomogeneity not only in the direction perpendicu- 2©) 58 (1998 [Tech. Phys. Leti24(6), 45 (1998
lar to the heteroboundary, but also in the direction parallel tarranslated by Paul F. Schippnick
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CulnGaSe, obtained by laser scanning

G. A. Medvedkin*)

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

L. Stolt and J. Wennerberg

Uppsala University, Angstra Solar Center, P. O. Box 534, SE-75121 Uppsala, Sweden
(Submitted March 1, 1999; accepted for publication March 2, 1999
Fiz. Tekh. Poluprovodr33, 1137-1140September 1999

The laser scanning technique was used to obtain two- and three-dimensional optoelectronic
images of polycrystalline solar cells based on thin films of Cujr&el CulnGaSe Topograms
obtained with the aid of the laser-beam-induced current reveal microregions with reduced
photovoltaic efficiency and provide a detailed picture of the distribution of hidden inhomogeneities
over the entire active surface of the solar cell. Gradation of the microdefects with intensity

and size was achieved by post-experimental graphic and false-color processing of the obtained
three-dimensional images. @999 American Institute of PhysifS1063-7829)03009-4

INTRODUCTION ented at various angles in the films, the implemented definite
#inear polarization of the incident beam created a higher-

contrast image of the microdefect distribution. Scanning and

homogeneity represents an important task since the fIImaata collection were controlled by a personal computer using

consist of a large number of grains and their photorespons,[(la]e program Solscan: further processing, including graphical

is obviously inhomogeneous near each crystallite. Total illu- . :
processing, was done on a Mac computer using the program

mlnayop of a solar cell gives only the mtegrat_ed output char- atlab or on a PC with the programs Origin and Excel.
acteristics, and the average photoresponse is decreased due

to distributed macro- and microdefects. Laser scanning of the

surface provides information at each point of the device and- RESULTS AND DISCUSSION

can also give a detailed distribution of the photovoltaic effi- 5 grid topogram, obtained in red light for the CIGS
ciency over the entire receiver area. The goal of the presenf.iiye plane of the solar cell, is shown in Fig. 1. Hidden
work was to examine invisible defects and inhomogeneitie$icrodefects varying in size from 40 to 4@n are present

of solar cells on the micro- and mini-scales. as it turned out, in a larger quantity on one active band than

For polycrystalline optoelectronic devices, an analysis o

EXPERIMENTAL PART

S49
High-efficiency polycrystalline thin-film solar cells with -S48
the device structure Mo/Gln,GaSe, /CdS/Zn0O/ZnO:Al . :jg
were prepared on sodium-calcium carbonate glass. We ex- aise it 837
amined solar cells with 12-13% efficiency and with the ab- = 534
sorber materials Culn$€CIS) and Culn -Ga sSe (CIGS). sa1
We used a laser scanner which allowed us to measure :gg 2
the photoresponsghe V. is. Vg regimes and obtain matri- §22 g
ces of experimental data for post-experimental construction H s19 &
of two- and three-dimensional images of these solar cells. H $16 §
The setup consisted of two He—Ne laseis=(632.8 and S13 4
1152 nm), an optical focusing channel, a specular deflecting : :;o
system, and an electronic amplifying circuit intended for de- HHHHH Eiiﬁ s4
tecting a phase-modulated or constant optical signal. The fo- ke th s1

cusing and polarization optics narrowed the probe beam ' 5 9 1317 21 25 20 33 37 41 45 49

dqwn toa dia_meter_ of 5_680 pm, and the_ scanned area with Incremental step

minimum optical distortion had dimensions of 380 mm.

The red and infrared lasers excited regions in the solar cell &tlG- 1. Topogram of a CIGS solar-cell receiver surface in red light. The

different depths and therefore gave information about théiark regions correspond to a reduced photoresponse and the light regions
correspond to maximum photoresponse. The vertical bands correspond to

Surfac? |ay(_9r anq about layers f?-r from the .CdS/CﬂKES) the current collector of the Al grid and the the dark spots correspond to
heterojunction. Since the crystallites and their faces were oridefects.

1063-7826/99/33(9)/3/$15.00 1037 © 1999 American Institute of Physics
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Red Infrared

Photoresponse, arb. units

FIG. 2. 3D optoelectronic images of a CIGS solar cell in red and infrared light.

on the other. Thus, the topogram reveals the distributiongeneity of the absorber-film. The absence of a negative sig-
size, and shape of the photoactive defects on each receiveal over the entire active area confirms that no generation
surface making an individual contribution to the total outputtakes place on the rear contact.
signal of the solar cell. Differences are observed in the optoelectronic images of
A three-dimensional optoelectronic image of a polycrys-solar cells of CIS type possessihg V characteristics with
talline thin-film solar cell makes it possible to demonstrate“red” rollover on the direct branch and without it. Figure 3
the degree of perfection of the device and lack thereof morshows the stronger fluctuations of the photoresponse over the
distinctly. Figure 2 shows 3D optoelectronic images of theentire sensitive area of the solar cells having rollover of their
CIGS solar cell in red and infrared light, respectively. A | —V characteristics. The structures with chemical deposition
series of defects varying from 10 to 1Q0n in size was of CdS possess a rollover effect due to the low concentration
reliably detected by the red laser bedRig. 2, left image. of free electrons and the high concentration of trap states in
These photoactive defects are distributed in the upper layeghe CdS layef* Therefore, the concentration of free elec-
of the absorber film. The infrared beam, however, does natrons in the CdS layer should sense the modulation of the
see these defects since it carries information about bulk progurrent as a result of photogeneration. Thus, the influence of
erties of the absorber-film. In the case of the CIGS widebandhe concentration of the dopant level in the CdS buffer layer
semiconductor, photogeneration occurs not only in the bullkis manifested in thé—V curves and in laser scanning.
of the film, but also on the rear Mo contact. The infrared Longitudinal inhomogeneities in CIS and CIGS solar
photoresponse of the examined CIGS solar cells has eells were also found when using red and/or infrared laser
smooth distribution, which is evidence of a high bulk homo-excitation® Such inhomogeneities are characteristic of the

Without rollover With rollover
9 7+
(723
=4 61
S 7
§ 5
© 5 4
[72]
;! ;
o 3F
) 2
S 2f
2 1
o
0 1 1 L i ul i 1 1 1 1 I i L ] 1 1 1 i
1 5 9 1317 21 2529 33 37 41 45 49 1 5 9131721 2529 33 37 41 45 49

Incremental step Incremental step

FIG. 3. Transverse multiscanning of a CIS solar cell with a “godd”V characteristic and b—V characteristic with “rollover.”
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FIG. 4. Topogram of photoactive microdefects in CIS solar cells in red light. Recombination channels are saturated at a high level of ill(efihaiioh
unsaturated at a low level of illuminatignight).

bulk of the absorber-film, are manifested on the millimeterresult of enhanced concentration of recombination centers.
and centimeter scale, and are stretched out along the grid
stripes.

The presence of electron traps or metastable states in t
CdS layers and compounds with ordered vacancies, through Photoactive microdefects varying in size from 10 to
which recombination proceeds intensely, usually causes theoo.m as well as elongated inhomogeneities in the millime-
total photoresponse to decrease. Controlling the balance béer and centimeter ranges were identified and differentiated
tween generation and recombination by varying photogein strength and size with the help of two- and three-
neration of nonequilibrium charge carriers, it is possible todimensional optoelectronic images obtained by red and in-
saturate or free up the recombination channels and, cons@ared laser scanning of thin-film solar cells.
qguently, reveal the regions with enhanced concentration of
recombination centers. We exploited this peculiarity in order
to detect local inhomogeneities in the CIS and CIGS solaf E-mail: gen@medv.ioffe.rssi.ru
cells. Experiments with a phase-modulated signal allowed us—
to use a wide power range of the monochromatic light
eqUivalem to the power of sunlight (%00 Sunsto reveal L. Stolt, in Proceedings of the 9th International Photovoltaic Science and
local inhomogeneities with the aid of the contrast image. Engineering ConferenceMiyazaki, Japar(1996, Vol. 9, p. 135.

Figure 4 shows a grid topogram in red light: regions with an 2J. Hedstfen, H. Ohlsa, M. Bodegad, A. Kylner, L. Stolt, D. Hariskos,
enhanced recombination rate are visible at a low level of M: Ruckh, and H. W. Schock, iRroceedings of the 23rd IEEE Photo-
. . . . voltaic Spec. ConfLouisville (1993, p. 364.

illumination and fall out as the light power grows while the s; o 'S 3. Fonash, and J. Kessler Piroceedings of the 25th IEEE
recombination channels saturate. Such defects lower the pho-Photovotaic Specialists Copfivashington, D.C(1996.

toresponse in certain spectral ranges corresponding to th&A. Kylner, J. Lindgren, and L. Stolt, J. Electrochem. Sdé3 2662
energies of the levels. As was reported eaﬁlélcomparlson 5G. A. Medvedkin and J. Wennerberg, itoceedings of the International

of the optoe_lectronic imag@f_ter Iaser_scanr_lir)gind a typi- Conference POLYSE'9&chwabisch Gmund, Germariy998 O4.
cal surface image observed in an optical microscope does ndt. L. Eisgruber and J. R. Sites, Progress in Photovolt., Res. ApH) 4,
give satisfactory agreement when comparing the distributiorg:\‘ol_- é 63(})99@'-? 1 Matson 1. R_Sit 4 K. A Emenpiaceed

H B H S T i . L. EIsgruper, R. J. Matson, J. R. sltes, an . A. Emeryynaceeaings
of Iphc,)mOgeneltle_s such as pinholes Slml,lar me(?ham of the 1st World Conference on Photovoltaic Energy Conveysiamwaii,
cal” microdefectg in the solar cell. We confirmed this state-  ysa (1994, vol. 1, p. 283.
ment with our own microphotographs made with the aid of ®R. J. Matson, K. A. Emery, I. L. Eisgruber, and L. L. Kazmerski, in
an optical microscope. Therefore, the microdefects observedProceedings of the 12th European Photovoltaic Solar ConfereBee-

. : f K (1 . 1222
with the help of a current induced by a laser beam may be ord, UK (1994, p

associated with the regions of reduced no-load voltage as &anslated by Paul F. Schippnick
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Conductance of a quantum wire in a parallel magnetic field
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Ballistic electron transport in a three-dimensional quantum wire with elliptic cross section is
investigated. The potential of the single-particle Hamiltonian of the system under consideration
was chosen to be parabolic. Using the Landauer—Buttiker formalism, we find an expression

for the conductance at zero temperature. We show that the number and width of the steps in the
dependence of the conductance on the electron energy are determined by the ratio of the
characteristic frequencies of the potential. In the case of nonzero temperature we show that the
conductance consists of two terms. The first is monotonic and depends quadratically on

the energy; the oscillating second term gives sawtooth-shaped peaks. The height of the
conductance steps is equal to the conductance quantum, and the width of the plateau depends on
the energy, the field, and the frequency ratio. We stress that the picture of the conductance

is extremely sensitive to the ratio of hybrid frequencies. 1899 American Institute of Physics.
[S1063-782629)03109-9

As was shown in Refs. 1 and 2, in a three-dimensionatonsistent scheme which takes into account the Coulomb
guantum wire whose diameter is on the order of the Fermeffects that were examined in detail in Refs. 11-13.
wavelength of the electrong, the dependence of the con- In this study we examined in the model of a parabolic
ductanceG on the electron energy (or, which is physically  potential ballistic electron transport in a quantum wire situ-
equivalent, on the diameter of the wirfeas a step-like char- ated in a longitudinal magnetic field,
acter. The height of each step in the depende@¢e) is
equal to the conductance “quantun@,=2e?/h (quantiza-
tion of conductance The quantization effect, which arises in
the ballistic transport regime, is affected by two factors: first,
the temperature of the electron gas, and second, the geome ) . . Ny
of the system. In addition, a magnetic field applied to the™ 1,2) of tlhe potentlal_ define the seTlaxes of the elliptical
wire intensifies the dimensional confinement of the electrorf"SS Section of thg erbj:(l/Z) ,Vh/m wj-
in a plane, which leads to a dependence on the magnetic field The spectrum in this model is described by the formula
B of the physical presentation of th_e (_affect. g,=hQ (N1 + 1/2) + A Qy(Ny+ 1/2) + p?/2m* . )

The conductance of such a ballistic nanostructgrean-
tum wire), which connects two macroscopic electron reserHere a=|p,n;,n,), p is the momentum of the electron
voirs, can be described at zero temperature using thelong thez axis, the quantum numbers;,n,=0,1,2 .. .;

m*
V(xy)= 5 (0ix+ 0y?). @

rem* is the effective mass, and the frequencies (]

Landauer—Bulttiker formula and the hybrid frequencieQ, , are given by the formula
G lez—l {w2+w§+ w§+[(w2+w%+w§)2—4wiw§]uz}m
J— , , Cc - Cc 1
6o~ 2 Taar (1) 2

wherew, is the cyclotron frequency.

whereT . is the probability of the transition from the state The coefficientsT,, for the state§e) have the form
|a) to the statda’). As the temperature is raised, the quan-Tar= & n:dn,n;- Using Eq.(1), we obtain for the conduc-
tization steps smear out; therefore, the conductance quantance of the wire aT =0 the expression
zation effect is observed only at very low temperatures
T=1K. G(e)

The geometry of a quantum wire also has an effect on G_o:nzo
ballistic electron transporft.” It is important to allow for
both the finite length of the wire, which leads to reflection ofwhere N and & denote, respectively, the integer and frac-
electron modes back into the nanostrucflaad the shape of tional part of the number @—#%Q,—%0,)/240,, wheree
the cross section of the wifeDifferent models have been is the energy of the electron. Sin€®;#(,, the quantity
used to describe the potential that keeps the electrons inside,; 8/(), varies ass or B varies . This means that both the
the wire®~% However, as was noted in Refs. 9 and 11, thenumber of terms and their magnitude vary. Consequently,
simple parabolic approximation fits better into a self-the width of the plateau and the number of steps in the de-

N
+N+1, 4

O, 5
Q_z(n+ )

1063-7826/99/33(9)/3/$15.00 1040 © 1999 American Institute of Physics
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Br and for incommensurate frequencies all poles are simple.
;f i Since a real number has probability 1 of being irrational, in
al what follows we restrict the discussion to the more interest-
9t ing case where the frequencies are incommensurate. In this
gl case, calculation of the integréb) gives the following ex-
g ; - pression forv(e)=G(e,0):
St G(&,0) 1 [, n203+R%03 1
41 = 5 gc— 4+ —
M Go  2wh20,0, 4 27
2 -
7 = cos2melhQ
0 ) 1 | | | ] ) 1 } X E (— 1)n+l S(—l)
J 35 4 45 5 55 6 65 7 75 =1 sin(mn,/ ()
i
# e, cog2mslhiQ,)
_ _ 1 !
FIG. 1. Dependence of the conductance on the chemical potenti@hl- sin(mnQ4/Q,)
culational parametersf);=1.7x10%s™!, 0,=0.83x10%s™!, B=3T; ] o ] o
solid line —T=0 K, dashed line —T=1K. Here the Fourier series is determined by the contribution

from the poles on the imaginary axis, and the first term in the

expression is determined by the contribution of the third-
pendence5(e) depend on the relationship between the fre-grger pole at zero. It is convenient to expand the conductance
quencies in the potentiaP) and the magnitude of the mag- iy a Fourier series in order to take into account the depen-

netic field. This result is represented in Figs. 1 and 2 by thgjence of the conductance on temperature:
solid line.

Let us now consider thermal smearing of the conduc- G(&,T) _J“G 0 of d 8
tance steps. We make use of the following observation in the Go Jo (e, )@ e ®
calculations. The number of conductance quanta for an elec- . . ) ) i
tron with energye is equal to the number of electron states Heref(¢) is the Fermi function. Assuming that the chemical
with energy less than or equal édfor a two-dimensional gas potential of the electron gas in the wige>T, it follows
of oscillators with frequencie®, and(),. The classical par- from Eg.(8) that
tition function for such a gas 1%

G(u,T) 1 , wT?
RO\ (RO, Go  2220.0.% " 3
“1_ 4 i ; 0
Z 4sm|‘( >T )sm){ >T ) (5) 1352 ]
The number of states(e) = G/G, can be expressed in terms - %ﬁz(Q§+Q§) +aTY, (—1)"*t
of the partition function(5) by means of the following for- n=1
mula derived in Ref. 14: 1 cog 2 ulhiQy)
1 (atie d¢ XN7a. o > ,
We)= 5 f 20et © 1 sinh(272nT/AQ,)sin( 7nQ,/Q;)
a a—io

where >0 and{=1/T. We see from(6) that the integral + ! cod 2mnulh ;)

here is determined by the poles that lie on the imaginary 7 sinh(27n T/HQ,)sin( T, Q)
axis. For commensurate frequencies the poles are multipl
poles at the pointaQ);=m(),, wheren andm are integers,

. (9

Bependences constructed with form(@a are represented in
Figs. 1 and 2 by the dashed lines. It can be seen from these
figures that thermal smearing causes the plateaus of the con-
ductance steps to slope and smooths out the thresholds.

As follows from (4) and Figs. 1 and 2, the height of the
conductance steps for any ratio of the frequencies is equal to
the conductance quantum, and the length of the plateau var-
ies as a function of the energy of the magnetic field and the
ratio of frequencies. The number of steps in the same energy
interval (or the same interval of field valuedepends on the
position of the interval on the corresponding axis and on the
ratio of frequenciesv, ,. Thus, a relatively small variation
of the field(or frequenciescan lead to a fundamental change

7f5 - 2f5 in the conductance picturésee Figs. 1 and)2 Also, at
“’c/@ T+0 the plateaus of the steps are slightly shifted downward
and acquire a slope.
FIG. 2. Dependence of the conductance on the magnetic field. Chemical NOte that the use of Eq$7) and(9) instead of the more
potential =103 erg. commonly used starting expressigd$ and(8) is more con-
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In this paper we show that in a 2D system situated in an external transverse magnetttfield
magnetic inductiorB can under certain conditions, as a result of the de Haas—vanmlfve
effect, take only certain discrete values, i.e., it is “quantized.” In this case the depenBéHge
consists of jumps and a plateau. At the platBgtl) = const. As a consequence of
quantization of the magnetic inductid(H), quantization of the Hall resistivity,,(H) is
possible. ©1999 American Institute of Physid$$1063-78269)03209-3

1. INTRODUCTION 2. THE de Haas—van Alfve’'n EFFECT FOR 2D CHARGE
CARRIERS IN THE FERMI-LIQUID MODEL
Systems of two-dimensiondRD) electrons in a trans-

verse quantizing magnetic field continue to attract attention !N Strong magnetic fields two-dimensional electrons can
in connection with observation of the quantum Hall effect?€ considered as a unique sort of Fermi liquid. In such a 2D

(QHE).! During the last several years, attention has beenQ‘yStem excitation interaction between the electrons plays an

focused on investigating the ground state of 2D electrons dmportant role at low temperatures. The de Haas-van Alfve

low temperatures and large values of the external magnetl?:_ffeCt for 2D el_ectrons ina transverse_magne_tlc f'eld. IS con-
sidered below in the framework of the isotropic Fermi-liquid

field?° It is assumed that under certain conditions the del. (The de H Alfue effoct £ 0 .
ground state of the 2D electrons in a strong quantizing magr-no el. (The de Haas-van effect for a gas o

netic field is ferromagnetit.However, a qualitative and carriers atT=0 was first considered by PeieffsPeierls's

quantitative analysis of the effect of strong magnetism of théesult was analyzed in detail in Refs. 11 and 15. It states that

2D electrons on the kinetic phenomena of such systems hé@e magnetic moment of the 2D electrolsvaries with a

not been carried out. Because of the possibility of strondumpheaiﬂ t'ane Lhe ';.ﬁ.rm' ]!eVFF mterseﬁs a L?‘Qda“ Iev;el
magnetism of the 2D electrons, which magnetic fielg2r When the Landau fifing factor 1s equal to an integer value.

quantity—the magnetic inductioB or the magnetic field in- The de Haas—van Alfeeffect at finite temperatures was

tensity H—should enter into the expression for the Hall considered in Ref. 16 in the framework of the model of non-

(0,) and the ohmic ¢,,) conductivity of the 2D electrons interacting electrons.We assume that at the large concen-
i ?ﬁe quantum Hal effxect’> trations of 2D carriers of interest to us the long-range part of

The electrons in a 2D system move along Larmor Orbitsthe Coulomb interaction is screened. Consequently, the iso-

in the xy plane (the magnetic field is directed along tlze tropic Fermi-liquid model can be applied to the 2D

axis—QHE geometry Therefore, the magnetic field created electrons.”* On the whole, in application to spatially ho-

by them is averaged over regions with dimensions on thgh0geneous states, the Landau theory qf a Fer.ml fdusd
order of the Larmor radius, (Ref. 11. The mean distance also valid in the case of the Coulomb interaction between

H 17
between the electrons is less than or on the order of partléles. | ¢ itati . in h
Consequently, the field acting on the 2D electrons is the Ince elementary exciiations possessing spin 2a0ve a
mean microscopic field, i.e., the inducti@?t°-13 Thus, for ~Mmagnetic moment, a Fermi liquid should be a madfet:

large values of the magnetic susceptibiljty the magnetic ][n the 'SOU?EE (I:ase, thi I'qli'r? t(:::in b?l_‘"" pgrafrfnagt;n;:t ora
induction B should be substituted for the magnetic field erromagnet. Below we show that Fermi-liquid effects have

strengthy in the formulas foroy, (py,) and oy, (py,), and a substantial influence on the paramagnetic part of the

e 8,19
also for the magnetic momen. Here the dependence of the suscepibility:

induction B on the macroscopic magnetic field strength F9IIOW|ng Refs. .11 qnd 18, we obtain the followmg ex-
[B(H)] is found from the equatidd pression for the oscillating part of the magnetic moment of

the 2D electrons:

[

M= T eT 1
H=B—47M(B). (1) 1+Z, iicd =1 sinh( 272k T/ w,

2]
sinl 27k = |,
) B
2
where d is the width of the quantum wellBy=dgn,

In order to solve this equation, it is necessary to know the=hcn./e, ®, is the magnetic flux quantunm, is the two-
dependencdl(B). dimensional electron densitg,is the charge of the electron,

1063-7826/99/33(9)/4/$15.00 1043 © 1999 American Institute of Physics
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FIG. 1. Dependence of the magnetic momkhon the magnetic induction FIG. 2. Dependence of the macroscopic magnetic field interisityB
B. —47M(B) on the magnetic inductioB. The letters a, b, and c represent the
valuesB,, By, andB..

cis the speed of lighth is Planck’s constanty.=eB/mc, m

_ i X . equality 9H/9B>0, which forbids segments 1-2 in Fig. 2,
is the effective mass of the electrohjs the temperature in

X i . holds(Ref. 13. Just as the van-der-Waals curve describes a
energy units, and in Eq2) we have expressed the ratio st order phase transition from a gas to a liquid, the curve

Er/fiw in terms ofBo/B [Er/fiw.=Bo/B]. _ H(B) in Fig. 2 describes a sequence of phase transitions with
The quantltyZO IS proportlonal to the interaction con- discontinuous variation of the magnetic inducti@fl,ZZ
stant of the exchange interaction between the electrons; it iéach time such a point aa is reached(see Fig. 2 the

neg_ativ_e and can be close tal (_REf' 1. In this region the _induction varies abruptly from the vallg, to the valueB...
oscillating parts of the magnetic moment and the magneti¢, ihis case the differend@,— B, is equal toB,/p, i.e., it is

susceptibility grow steeply. Such behaviofandy canbe 5 i itiple of the quantit,=hcn, /e, wherep is an integer.
explained as follows. According to the Pauli principle, the Thus, the condition of the induction jumps is the appear-

electrons tend to occupy states with opposite spin. If th%nce of such segments on thB) curve, wheredH/JB
interaction between the electrons depends on their spins arg():

the spins are alignedZ(<<0), then for an appreciable value
of Z, the decrease in the energy due to the interaction can ﬁH/§B=1—4waM(B)
exceed the increase in the kinetic energy due to redistribution B
of the electrons over the available statbm this case a new
state of the 2D system with nonzero total spin can drise. x> /4.
Below we consider the case in whih is very close to  An induction jump takes place in a constant external field
—1 (Zo+1<1). In this case the magnetic susceptibility of and its occurrence is determined by equality of the free en-
the 2D system is large. Correspondingly, the magnetic mo-ergies in the given field. The equilibrium curve of the mag-
mentM is also large. netic field intensity as a function of the induction corre-
This leads to an important consequence. The amplitudgponds to placing the horizontal line segmant(Fig. 2) so
of the oscillations of the magnetic momeMitgrow dramati-  that the areas of the trianglagb andb2c are equaf (Max-
cally. Figure 1 shows the dependence of the magnetic mowell’s rule). In this case, the curv@(H) consists of plateaus
ment on the magnetic inductidB, calculated according to and jumps(Fig. 3). Here the distance between the plateaus is
formula (2) (in the calculation we chose the valuetZ,  a multiple of the quantitd,=B,/p=const ( is an integey.
=2X10*%). The magnetic moment as a function®faries  Thus, we have found that in a 2D system, as a consequence
discontinuously. Jumps take place at values of the magnetisf the de Haas—van Alfweeffect the magnetic inductioB
induction defined by the relatioB=B,/p, wherep is an  can take only certain discrete valu@ee Fig. 3
integer,p=1,2,3 ... or,equivalently, when the Fermi level
intersects a Landau lev¥l.In this event, according to Eq. B=Bo/p. “)
(1), we obtain an oscillating dependence of the magnetié¢-or a given density of 2D electromg the maximum value of
field intensityH on the inductionB, as shown in Fig. 2. It the “quantum” of magnetic induction is equal 8,. Note
follows from this figure that there is a region bf values, that temperature corrections for the 2D electron density, and
where eactH value corresponds to three different values ofconsequently forB,, are exponentially small folf <Eg.
B (B,, By, andB.). Such nonuniqueness testifies to an in-Therefore, the exactness of quantization of the magnetic in-
stability of the state analogous to the instability that occurduction is quite high. Thus, as the external magnetic field
for the equation of state of a van-der-Waals materialstrengthH varies, the 2D system of electrons undergoes a
P(V).111421|n the case under consideration here, as in thesequence of phase transitions with a discontinuous change in
case of the van-der-Waals equation, the thermodynamic irthe magnetic inductio.

=1-47x<0, 3



Semiconductors 33 (9), September 1999 G. G. Zegrya 1045

T T T T T T T T T T T T T T T
1 - hle?} , .
|
i
Q &
N I
Q12 — . 2k .
: hi2e —
| |
L | |
1/3 _j—‘ hi3e? i__l
- - ]
/4 Waett -
{ li s 1 1 " 1 L L 1
00 02 04 06 08 10 12 14
1 N ]

00 02 04 06 08 10 12 14 H/B,

H/BO FIG. 4. Dependence of the Hall resistivity, on the intensity of the exter-

nal magnetic fielcH.
FIG. 3. The dependendg(H), consisting of plateausB(, /p=const) and

jumps Bo=nchcle, p=1,2,3...).

It is important to note that the temperature and also the B h
interaction between the electrons have no influence on the Pxy™p ac™ 2 )
period of the oscillations of the magnetic mom&ht? This P
means that the distance between plateaus on the (k¢
does not vary under these conditions. As the temperature iEhus, quantization of the Hall resistivity is possible because
raised, the amplitude of the oscillations of the magnetic mo®f the quantization of the magnetic inductid Both of
ment varies. The amplitude of the oscillations\dfalls, and ~ these phenomengguantization of the magnetic induction
the width of the plateaus in the dependem{é¢i) narrows. and quantization of the Hall resistivityarise as a result of
Thus, we can formulate our main result: in a 2D system, as € de Haas—van Alfreeffect.
result of the de Haas—van Alffaesffect the magnetic induc- The dependence gy, on the external magnetic field
tion B as a function of the external magnetic fi¢ldhas the ~ intensityH has a form analogous to thatBtH) (Fig. 3) and
form of plateaus and jump&ig. 3. The distance between Consists of jumps and platea(fSig. 4). On the plateaupy,
plateaus in the dependenBéH) is independent of the tem- =h/€p=const. The distance between plateaus is a multiple
perature and scattering of electrons by phonons and impur@f h/€?. The dependence qf,, on the external magnetic
ties. However, the width of a plateau depends on theslield H exactly replicates the dependence of the induction
factors—with growth of the temperature, the width of the B(H). With growth of the temperature, the width of the pla-
plateau decreases and at some temperature the plateau distgius in the dependence pf, on H decreases. At high tem-
pears. On the other hand, the width of the plateaus shoulBeratures the plateaus disappear. The width of the plateaus of

increase with increasing impurity concentration. pxy(H) is also affected by scattering of electrons by phonons
and impurities. Since the magnetic inducti®&¥ By/p is

constant on any one of the plateauspQf(H), the chemical
3. INFLUENCE OF THE de Haas—van Alfve'n EFFECT ON pOt?ntlal’“ IS_ aIS(.) ConSta.nt there. .Smce the C.hemlcal poten-
THE KINETIC COEFEICIENTS OF THE 2D ELECTRONS tial is found in this case in the region _of localized statgs, we
havep,,= 0. At the moment the induction undergoes a jump,
The field that figures in the expressions for the kineticdelocalized states arise and,,#0. After the jump,
coefficients of two-dimensional electronsg, ando,, as the B, u=const on the plateau and, as befgsg,= 0.
acting magnetic field is usually the external magnetic ficld Thus, quantization of the Hall resistivipy, and the zero
The de Haas—van Alfweeffect leads to a large value of the value of the ohmic resistivity,, are possibly connected
magnetic moment and large magnetic susceptibility of thewith quantization of the magnetic inductidh In this case
2D electrons. In this case, the inducti@inside the 2D  we obtain integer quantization of the Hall resistivity, .

system differs from the external magnetic figtd Conse- | would like to express my deep appreciation to V. N.
quently, in the expressions far,, and oy, H should be Golovach, A.V. Gorbatyuk, N.A. Gun'ko, V.. Perel’, A. S.
replaced byB. Polkovnikov, and R. A. Suris for support and for critical re-

If we substitute the value dB from Eq. (4) in the ex- marks. | would also like to thank M. F. Bryzhin for help in
pression for the Hall resistivity,,, we obtain preparation of the manuscript.
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OBITUARY

In memory of Aleksandr Aleksandrovich Lebedev
Fiz. Tekh. Poluprovodr33, 1148 (September 1999
[S1063-782629)03309-9

After a protracted and serious illness, Chief Scientist of
the A.F. loffe Physicotechnical Institute of the Russian
Academy of Sciences, Doctor of Physical and Mathematical
Sciences Aleksandr Aleksandrovich Lebedev departed this
life on March 22, 1999.

The scientific career of A. A. Lebedev was inseparably
linked with the physics of semiconductors, and many of his
works were of a pioneering nature. Lebedev worked at the
A. F. loffe Physicotechnical InstitutéPTI) for 48 years.
Leaving the physics department of Leningrad State Univer-
sity, he arrived at the Physicotechnical Institute in 1951. He
initiated the growth of pure germanium single crystals, ac-
tively participated in the creation of the first domestic semi-
conductor devices, and double-injection compensated-silicon
diodes were first created at his initiative. The results of his
studies of photoelectric phenomena in compensated silicon
are well known to specialists and were used in the develop-
ment of photoelectric devices. His studies of photoelectric
phenomena in new ternary semiconductor compounds made
it possible to determine or refine the band structure of those
compounds and create new polarization-sensitive photode-
tectors. Lebedev was one of the founders of deep-level tran-
sient spectroscopy in semiconductors. The identification of
impurities with deep levels controlling the lifetime of charge
carriers made it possible to optimize the technology of fab-
rication of semiconductor devices intended for various pur-
poses.

Lebedev facilitated the growth and development of a  Aleksandr Aleksandrovich Lebedev was always a gal-
large number of young scientists and received the welllant, sympathetic, and kind colleague and person. His
deserved acclaim of the world scientific community. Authormemory as a talented physicist, leader, and friend will al-
and co-author of more than three hundred scientific pape4ays remain in our hearts.
and monographs, he was awarded medals “for valiant labor  cqjleagues, Friends, and the Editorial Board of the
during the Great Patriotic WarlSecond World Warand in - jornal Physics and Technology of Semiconductors
honor of the thirtieth and fiftieth anniversaries of the victory
in the Great Patriotic War. Translated by Paul F. Schippnick

1063-7826/99/33(9)/1/$15.00 1047 © 1999 American Institute of Physics
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Eightieth anniversary of the loffe Institute
B. B. D'yakov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tekh. Poluprovodr33, 1025-1031(September 1999

[S1063-782699)00109-X

September 23, 1918 is regarded as the birthday of the An physics in this country. These include: the electrophysicist
F. loffe Physicotechnical Institute. For that is the date of theA. A. Chernyshe\1918-193}, the crystallographer Yu. V.
decree of the People’s Commissariat for Education of thé/ul'f (1918-1925 the acoustician N. N. Andree{d926—
Russian Soviet Federated Socialist Republic specifying th&938, and the thermal physicist M. V. Kirpiche{1928—
creation of the State Roentgenological and Radiological In1930. The next generation of outstanding physicists was
stitute, which included a physicotechnical branch. In 1921represented by Ya. |. Frenk€l921-1952 G. A. Gamow
that branch, which had been located in several rooms at th925—1933 and M. P. Bronshteiri1930—1933
Petrograd Polytechnical Institute, became the State Physi- The scientists at the Institute, especially loffe, created
cotechnical Roentgenological Institute. It moved into its ownwhat, even many years later, could be called the “cradle of
small building, which is still referred to as the main building Soviet physics,” universally known scientific schools and
among the numerous many-storied buildings in the Institutenew institutes that have made major contributions to the de-
in 1923, when its staff amounted to just a few dozen peoplevelopment of physics and its applications. These include the
The Institute subsequently retained the “physical” andUkrainian Physicotechnical Institut&harkov), the Institute
“technical” in its name, which was supplemented in 1939 of Chemical Physics, Laboratory No. @he Institute of
by “of the Academy of Sciences of the USSRfter a  Atomic Energy, the Leningrad Institute of Nuclear Physics
change in its departmental affiliatipmnd in 1960 by the (Gatching, and the Semiconductor Institute, organized by
name of its founder, A. F. loffe, following his death. loffe in 1954 and merged with the loffe Institute in 1972.

The first staff members of the Physicotechnical Institute ~ The following brief review emphasizes an historical per-
included scientists who became leaders in physics. They irspective on the work that has led to the development of new
cluded future Nobel prize winners: P. L. Kapitsa ideas in physics and to new research areas at the Institute.
(1919-1921Y N. N. Semenov1920-1931, L. D. Landau  Other important research at the Institute is mentioned briefly.
(1927-1932, and I. E. Tamm(1942-1946 The Nobel The range of this research is so broad that some limits on
Prize in chemistry for 1956 was awarded to Semenov foivhat could be described here were inevitable.
work in chemical kinetics that was mainly done at the Insti-
tute.

loffe also attracted to the Institute already established From the first years of the Institute’s existence, the work
scientific authorities, who were the founders of new branchesf its staff was marked by fundamental discoveries. By that

EARLY RESEARCH

1063-7826/99/33(9)/6/$15.00 933 © 1999 American Institute of Physics
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physics in this country, but, in the full sense of the word, an
organizer of research in this field. The leading Soviet scien-
tists whose efforts subsequently created the country’s nuclear
shield included the Institute staff membéréiztekhovtsy”)
Yu. B. Khariton(1921-193}, I. V. Kurchatov(1925-1943
I. K. Kikoin (1927-1937, A. P. Aleksandro1930-1948,
Ya. B. Zeldovich (1931, and L. A. Artsimovich (1933—
1946, who came to nuclear physics from other branches of
physics.(Kurchatov, for example, was known for his classi-
cal papers of 1929-1933 on ferroelectrigitfhe first world-
class results obtained in this area in our country are also
associated with the names of people who worked at the In-
stitute. A list of them speaks for itself: formulating the
proton-neutron hypothesis of nuclear structdiz D. Iv-
anenkg, the discovery of nuclear isomerisifh. V. Kur-
chatov, B. V. Kurchatov, and L. I. Rusinov, together with L.
N. Mysovskii from the Radium Instituje spontaneous fis-
sion (G. N. Flerov together with K. A. Petrzhak from the
same institutg startup of the first cyclotron in Eurog. A.
Eremeey, and development of the electrocapillary model of
the nucleus(Ya. I. Frenkel, independently of Bohr and
Wheeley.
As for the technical area, nothing characterizes it better
than: the creation of television systeffhs S. Termen and A.
P. Konstantinoy and electronic musical instrumens. S.
Termern), inventions in high-voltage technologyA. A.
A. F. loffe in 1932. Chernyshey; the creation of the first radar systems in this
country (Yu. B. Kobzarev, P. A. Pogorelko, and N. Ya.
Chernetsoyand the fundamental work by D. A. Rozhanskii
time loffe had already formulated his ideas on ionic conducin this area, work on protecting ships against mifasder
tivity in crystals and Frenkel had validated them theoreticallythe leadership of A. P. Aleksandrov with the participation of
by advancing the idea of vacancié$oles” in the author's ~ many leading scientists at the institutdat was begun prior
terminology in a crystal lattice and their role in conductiv- to the Second World War, and, finally, the first semiconduc-
ity. (Later the combination of an interstitial atom and a holetor devices in this country and materials with record param-
came to be called a “Frenkel defecy.” eters for that time(B. T. Kolomiets, Ya. P. Maslakovets,
At that time research on magnetic phenomena became B V. Kurchatov, and Yu. A. Dunagv
tradition at the Institute. Kapitsa and Semenov proposed
measuring the magnetic moment of atoms using the devigzgr g | sHMENT AND DEVELOPMENT OF SCIENTIFIC
tion of a beam of the neutral atoms in a magnetic fighd SCHOOLS
dependently of Stern and Gerlacha. I. Dorfman’s concept
of paramagnetic and ferromagnetic resonances, advanced in Undoubtedly, the major contribution of scientists from
1923, was confirmed by his own experiments which demonthe Institute has been to the development of the physics and
strated the nonmagnetic origin of the internal “molecular” technology of semiconductors, beginning with the work of
field in a ferromagnetic material and by Frenkel's theory,loffe on the mechanism for their conductivity. In 1931, suit-
which interpreted ferromagnetism as the orientation of theable scientific subdivisions were set up at the Institute. Since
magnetic moment of an electron in a ferromagnetic crystalthen, this area has been associated with dogernecall only
Landau continued to study these questions and developedtlae most famousof names and discoveries made within the
guantum theory of the diamagnetism of free electrons in methstitute’s walls. The foundations of the modern science of
als. Bronshtein and Frenkel's work on the possibility, in semiconductors were laid precisely then: the theory of the
principle, of observing the resonance absorption of radiation’barrier layer” (p—n junction based on the tunnel mecha-
whose frequency corresponds to the transition energy afism (loffe and Frenkel the separation of semiconductor
electrons in a magnetic field, should also be mentioned¢onductivity into intrinsic and impurity mechanisn(g. P.
along with I. K. Kikoin and M. M. Noskov's discovery of the Zhuze and B. V. Kurchatgy etc. Studies in another area of
photoelectromagnetic effect. semiconductor physics, thermoelectricity, also began at that
Nuclear physics research began in this country with théime. The theory was developed by loffe in 1950. In the
work of D. V. Skobel'tsyn(1924—-1937 at the Institute on  1930s, the All-Union conferences on semiconduct@s
cosmic rays using a Wilson cloud chamber mounted in avhich there were six before the waregan with the efforts
magnetic field(in accordance with an idea of Kapitsp’s of Institute scientists and immediately attained world status.
Soon the Institute became not only the first center for nuclear In fact, research conducted at the Institute encompassed
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all the then-known branches of solid state physics. Certainlyglectrons in 1923-1926 were the beginning of research on
in terms of its significance for physics and for the Physicotephysical electronics, which became one of the major tradi-
chnical Institute, here we should note the concept of the qudional areas of research at the Institute. Lukirskii developed
siparticle, i.e., the exciton, advanced by Frenkel in 1931and introduced an original spherical capacitor method for
which represented an excited state in a crystal. The signifianalyzing electron velocity distributions. His work also pro-
cance of the idea was demonstrated many tiffiest of all,  moted the development of electron optitise theory of fo-
right at the Instituty including an experimental proof of the cussing in electric and magnetic fieldst the Institute and
existence(1951) and the manifold properties of the exciton were continued by G. A. Grinberd918-1930; 1941-1991

by E. F. Grosg1944-1972 and his school. The subsequent and his school, which began in the 1940s. The work of the
discovery of the exciton line spectrum and experiments orfiounders of physical electronics at the Institute was contin-
magnetooptics, electrooptics, piezo-spectroscopy, and exdiled after the war in studies of electron emission and non-
ton dynamics provided the impetus for the development of &quilibrium surface ionization, as well as by the discovery of
new discipline, the optics and spectroscopy of semicondudiegative alkali metal ions and the manifold enhancement in
tors. This area is developing successfully at the Institutethe degree of ionization by means of an electric field.

even now, through experimental and theoretical work on the ~ The succession and traditions in scientific subjects are
optical orientation of electrons, nuclei, and excitons in semi-also illustrated by the development of work on mass spec-
conductors, as evidenced by the discovery of new phenonirometry. Mass spectrometric techniques were first devel-
ena in bulk semiconductors and nanostructures. In the 197@ped at the Institutéand in the USSRby V. N. Kondrat'ev
there was the discovery of ordering in the angular moment41923—-1931 in a study of the ionization of salt vapor and
of hot electrons by polarized light, a phenomenon whichchemical reactions in 1924. This area of research developed
made it possible to measure ultrashort carrier relaxatioguccessfully in the 1950s. Mass spectrometers were perfected
times in semiconductors after illumination. and they were used to study fundamental probléprsci-

One of the leading topics at the Institute has been resion measurements of physical constants, measuring the he-
search on the mechanical durability of solids. Following alium isotopes in the earth’s mantjeas well as practical ones
realization of the remarkable ideas of loffe in attaining the(industrial process monitoring
tensile strength of table salt, A. P. Aleksandrov and S. N.  The war years did not halt the life of the Institute as a
Zhurkov (1930—-1997 came very close to the theoretical ten- research establishment. Those who remained in besieged
sile strength of glass and quartz filaments by annealing thenkeningrad(under the leadership of P. P. Kobglkand those
Aleksandrov and P. P. Kobekd924-1952 studied poly- Who worked in the evacuation used the rich arsenal of results
mers(the effect of temperature on polymer deformation, thefrom their earlier researctdemagnetization of warships, ra-
relaxation states of polymers in terms of a concept of shargar stations, armor plate, thermal electrical generators, cyclo-
changes in the structure of “large” molecules due to thermaltron, etc), but also obtained new resultan antigangrene
fluctuations and N. N. Davidenkow1925-1962 studied the ~ Ppreparation, isotope separation, nuclear constants of fissile
brittle fracture of steels at low temperatures and the transimaterialg. During the war years, fundamental physics was
tion to plastic failure at high temperatures. represented by Frenkel's research that led to his classic

In 1931 A. V. Stepanou1924—1972 began to study MmonographThe Kinetic Theory of LiquidsAlso noteworthy
defect formation and the development of an electrical potenare the experiments of Lukirskii on the formation of facets
tial at the facets of ionic crystals during plastic deformation;along the surface of a sphere of sodium chloride and Fren-
this is considered a direct continuation of loffe's work. kel's 1945 theoretical paper on the formation and dynamics
Stepanov advanced the fundamental idea of a double role fé&f crystal surfaces, which is very important for modern con-
plastic deformation in crystalline materials, having estab-cepts of semiconductor nanostructures.
lished that plastic deformation both hardens crystals and si-
multaneously fgcmtates their frac?ure. Lf':lter, these assertlonﬁEW AREAS OF RESEARCH
formed the basis of the modern dislocation theory of strength
in solids. In the postwar years the Institute strengthened its leading

The modern scientific literature refers repeatedly to gposition in many areas relating to armaments, which were
series of papers by Frenkel and T. A. Kontorova in thedistinguished both by their very important concrete applied
1930s, in which they developed a theory of plastic deformasignificance(separation of light isotopes and uranium iso-
tion and slip. These papers became the foundation of thtopes, high-temperature coatings for reentry vehicles, semi-
physics of dislocations, but also of the physics of solitons. conductor devices for the first nuclear submarines) etud

In the 1950s and later, Z. N. Zhurkov and his schoolby the discovery and development of areas of fundamental
developed the idea of the kinetic theory of strength in solidsresearch that were new to the Institute, but without which it
Stepanov’s method for growing crystals became widespreads impossible to imagine today’s Physicotechnical Institute.
and substantial progress made in understanding the nature ©hese include controlled thermonuclear fusion and high-
dislocations, plasticity, and the mechanical properties of matemperature plasma diagnostics, astrophysics and space stud-
terials at temperatures ranging from liquid helium to theies, and holography.
melting points of these materials. Work on electromagnetic isotope separation gave an im-

The first papers of P. I. Lukirskiil918—-1954and N. N.  petus to research on collisions of atomic particles and their
Semenov on the photoelectric effect and the scattering ahteractions with electrons and protons. These studies are the
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main source of information on the structure of atoms andwvas studied and the transparent ferromagnetic material Rb-
molecules. These results are widely used in plasma physichliF; was synthesized for the first time. Research on ferro-
astrophysics, gas dynamics, and quantum electronics. and antiferromagnetic resonances and spin waves was begun

As for astrophysical research, in the 1930s it was reprein the early 1960s.
sented by the theoretical work of Bronshtein, Landau, and  A. F. loffe initiated research on the physics of disordered
Frenkel, and in the 1950s a broad program of experimentaystems which led to outstanding results. A wide class of
astrophysics research was introduced at the Institute, includflassy chalcogenide semiconductors was fouhd A.
ing studies of near-earth space and the distant cosmos, pal@oryunova, B. T. Kolomiets, 1955which gave impetus to
oastrophysics, and gamma-ray astronomy. The focus of thextensive research on these materials. These semiconductors
oretical study was such unique objects as neutron starsow have technological applications and have drawn univer-
quasars, and molecular clouds with a large red shift. It wasal attention to the fundamental problem of disordered
shown that contrary to some hypotheses, the fundamentgamorphoussystems.
physical constantéfine structure constant, ratio of the proton Studies of nonequilibrium processes have had a substan-
and electron massedo not change on a cosmological time tial effect on the development of semiconductor physics and
scale and have the same values in causally unconnected fechnology: the discovery of the convective current instabil-
gions of the universe. ity, the observation of a dependence of the gap width on the

Work on thermonuclear fusion began at the initiative of concentration of injected carriers, the discovery of stimulated
I. V. Kurchatov and B. P. Konstantindd958. The primary  radiation in GaAsp—n structures1962.
effort was in the development of particle, microwave, and  |mportant results have been obtained from studies of
optical diagnostic techniques for high-temperature plasmashallow impurity centers in semiconductors. One of the mod-
In the 1970s the first tokamaks were built and yielded enels based on this research describes the energy structure of
couraging results on the compression and containment Qfpurity levels associated with nonequivalent extrema of the
plasma, as well as plasma heating. These studies began fiands in 11l-V semiconductor compounds. Another explains
increase in scale. the effect of isovalent doping on the electrical, optical, and
mechanical properties of semiconductors and thereby makes
it possible to change these properties in a controlled manner
without introducing electrically active impurities.

The history of progress in the traditional area of re-  The “semiconductor revolution,” under the banner of
search, semiconductor physics, merits special attention, buthich science, technology, and society have been developing
even the most outstanding work confirming the priority offor 50 years, has been associated with the production of the
the Physicotechnical Institute cannot be represented in first semiconductor point-contact diodes in this country
single sketch. More detailed information on the work of the(1950-195}, high-purity single crystals of germanium and
Institute in this aredas in the other areas mentioned hase  silicon, junction diodes and—n junction transistor$1953,
contained in a collection prepared by the leading Institutdll-V semiconductor compound&l950, power converters
scientists of the current generation and published for th€1957), and the discovery of stimulated emission in gallium
jubilee? arsenide(1962.

During the early postwar years loffe initiated research on ~ Work on the creation and study pf-n junctions in Ge
the properties of intermetallic compounds. The most imporbegan in 1950. After that point-contact diodes and transistors
tant was the discovery by A. R. Regel and N. A. Goryunovawere made in 1950-1951, Institute scientists under the lead-
of some valuable classes of semiconductors, especially typership of V. M. Tuchkevich obtained the first single crystals
[I-V compounds. Research was begun on their electricabf Ge in the USSR and made the fist n junction transis-
properties. Another important task was to develop methodsors, high-voltage Ge-diodes, and the first electronic circuits
for purifying, growing, doping, and synthesizing new semi-using transistors and transistor radios in this country. In 1954
conductor compounds, with 3, 4, or more components. Workhe first planar photodiodes of an original design were pro-
with diamond-like semiconductors make it possible to sys-duced in the USSR with better sensitivity and active area
tematize the semiconductor properties of various compound$an the existing ones.
of this type. In that same year, the first Soviet high-power devices

Research closely tied to semiconductor work at the prewere produced: germanium semiconductor rectifiers for cur-
war Institute was continued under the leadership of loffe atents of up to 500 A with a reverse voltage of up to 150—-200
the Semiconductor InstitutdPAN). In 1954-56 the deep V. After this success with germanium devices, studies of
penetration of kilovolt ions into semiconductors was discov-single-crystal silicon, the other leading material of the semi-
ered. This phenomenon stimulated the development of theonductor revolution, were undertaken for solar energy con-
implantation method, which has become an efficient instruversion and high-voltage diodes and thyristors.
ment for the manufacture of microelectronics components. In  After semiconductor devices based on germanium and
the late 1950s and early 1960s work began on the magnetisailicon had been created and successfully brought into indus-
of nonmetals, and garnet-ferrites with vanadium and bismutfrial production, further study and searches for new materials
that had an enormous Faraday effect were synthesized for thievealed that gallium arsenide is one of the best materials for
first time. Magnetic ordering was observed in a number ofcreating devices with exceptional parameters at high tem-
ferroelectric materials. The nature of weak ferromagnetisnperatures.

SEMICONDUCTOR PHYSICS
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The Scientific-Education Center of the Institute.

Controlling the most important parameters of semicon-types of transistors. The first work in this area has already
ductor crystals, i.e., using heterostructures in semiconductdreen done at the Physicotechnical Institute.
physics and semiconductor electronics, was then addressed.

Under the leadership of Zh. I. Alferov, this topic has become
. ; . THE INSTITUTE AT THE THRESHOLD OF THE NEW

one of the major areas of research at today’s Physmotechn&\:E,\lTURY

cal Institute.

In the 1960s the concept of a laser with a two-sided  The structure of the Physicotechnical Institute reflects
heterostructure was formulated; this made it possible to atthe priorities of the 20th century. A. F. loffe, himself, tried to
tain a high density of injected carriers and a population in-encompass everything new and the new areas which devel-
version as a result of “two-sided” injection. An “ideal” oped in basic and applied physics. As noted above, this effort
heterostructure, a self-consistent lattice for GaAs in the fornwas later embodied in the creation of the Nuclear Research
of solid solutions of AlGaAs, was observed; in it predicted Institute at Gatchina and new areas of research at the Insti-
effects(such as carrier superinjection, an optical and electrortute, including astrophysics, high-temperature plasma phys-
clipping) could take place. The unique injection properties ofics, physical gas dynamics, and holography. Thus, research
wide-gap emitters and the phenomenon of superinjectioby Institute scientists encompasses essentially the entire
were confirmed experimentally. Besides luminescence anthnge of contemporary physics and continues as an example
carrier diffusion in a smooth heterojunction, stimulated emis-of an optimum combination of basic research with concrete
sion was observed in double AlGaAs structures. technical applications.

The search for new heterostructures with matched lat- These studies have been judged worthy by the scientific
tices has opened up the possibility of obtaining various kindg€ommunity and the government. Of the Institute staff, more
of heterojunctions using quaternary IlI-V solid solutions,than one hundred have been made academicians and corre-
which permits independent variation of the lattice constansponding members of the USSR Academy of ScieriBes-
and gap width. InGaAsP compounds have been studied isian Academy of Scienceand the Academies of Sciences
detail and successfully used in a large number of applicaef the former republics of the Soviet Union. About 150 sci-
tions, including photocathodes and lasers for fiber optic comentists have been awarded prestigious national and academic
munication in the infrared and visible. It is generally recog-prizes. Twenty nine Institute scientists were winners of the
nized that further progress in this area has relied on théenin Prize? beginning with A. A. Chernyshev for his work
efforts of Institute scientists: lasers have been built with dis-on high-voltage and high-frequency technolo@®30. At
tributed feedback provided by a diffraction grating on thepresent, five academicians and ten corresponding members
surface of a waveguide layémot only to provide distributed of the Russian Academy of Sciences and more than 800 doc-
feedback, but also for extraction of well-collimated light tors and candidates of science work at the Institute. Of the
Research on heterostructures has led to the discovery of futeading scientists at the Institute, special mention should be
damental physical phenomena, a sharp improvement in th@ade of five, who, along with their scientific activity, have
characteristics of essentially all the known semiconductohad enormous responsibility for the leadership of the Insti-
devices, and the creation of completely new types of devicegute, contributing to its development as an institution and as

One of the most modern devices based on nanostructuresscientific collective: A. F. loffe headed the Institute from
is the quantum dot laser. Quantum dot structures offer promt918 to 1952; he was replaced by A. P. KomiB®30—-1936
ise for other devices as well, especially for creating newand 1950-1972 who held the post of director until 1957;
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B. P. Konstantino\1926—-1930 and 1940—-196Beaded the cotechnical Institute. The plenary meeting of the Interna-
Institute for ten years, from 1957 to 1967, and passed hisional Conference on Physics on the Verge of the 21st Cen-
post on to V. M. Tuchkevict{1935-1997, who led the In-  tury was held there, with the most famous Russian and
stitute for the next 20 years; and Zh. I. Alferov, the currentforeign physicists participating, including recent Nobel lau-
director who took over the Physicotechnical Institutereates. The conference program encompassed all areas of
in 1987. scientific activity at the Institute and more than 200 scientific

~ The Institute participates in major international projectspapers and poster presentations were given, distributed over
in plasma physics, solid state physics, and astrophysics, afenary sessions and three topical symposia: plasma physics
maintains ties with the leading research centers of the worldy g a5trophysics: solid state physics; and semiconductor het-
This research is supported by additional funds from a nuMg, oo ctures. Some of the papers presented in the last sym-

specially created for the support of joint research by scier:EpOSiurn have been published in this issue of this journal
tists from the former USSR and the European Community Continuing the tradition begun with the famous prewar

(INTAS) and the United State€RDP), as well as the Inter- conferences on nuclear physics and semiconductor physics,

national Scientific-Technical Center supported by the Unitec}he}:{lnst:tute Zas_n:any ?mesl been fthe organizer of prgsnglou;
States government and the Japanese government. hationaland International -conterences, symposia, - an

Certainly, the most indisputable achievement of theschools, and has also initiated a number of scientific activi-

Physicotechnical Institute has been the creation of a nationdS Which have become standard, such as the International
school of physics that has not been locked in one researchYMPOSium on Nanostructures: Physics and Technology and
area, regardless of how productive, or in one institute, puthe International Conference on Fullerenes and Atomic Clus-
has reached the level of the world scientific community. Anters, which have taken place since 1993. This brief history of
important part of this process has been a system of prepariri§e Physicotechnical Institute gives only a general idea of the
scientific personnel whose foundation was laid by loffe inorigins and vital activity of a complex and continuously de-
1919. In that year, loffe organized the physical-mechanicaveloping organism of the sort that a modern scientific re-
faculty of the Polytechnical Institute, whose first graduatessearch center has become. The brilliant achievements and
quickly became staff members of the Institutdhey in-  traditions of the past, and the broad range of modern research
cluded Yu. B. Khariton and G. A. GrinbepgAt present, the  offers hope that the future of physics will continue to be tied
system of continuous physics training based at the Physicotge the A. F. loffe Physicotechnical Institute.

chnical Institute includes a physicotechnical secondary | wish to thank Zh. I. Alferov and V. |. Perel’ for re-
school, the chair of optoelectronics at the Electrotechnicaliewing the manuscript and for a discussion.

University, and the physicotechnical faculty at St. Petersburg

Technical University. DYHere and in the following, the dates in parentheses indicate the years a

It is the purpose of the newly founded Scientific- ,Person Vtv_orke_dlgtl;helg‘;gt“ée' ooment and Research Adtiviios. St P
Education Center at the Institute to ensure the unity of thesetzr:burz('igtgé ~1998. Development and Research Activities, St. Pe-

educ_at'one_ll _degrees. One of the stages in C(_)nstructlng th%f these, 28 were for work at the Physicotechnical Institute.
special building of the Center was completed in September,

1998, on the eve of the eightieth anniversary of the PhysiTranslated by D. H. McNeill
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Silicon-germanium—a promise into the future? v

H. G. Grimmeiss*

Lund University, Solid State Physics, Box 118, S-22100 Lund
Fiz. Tekh. Poluprovodr33, 1032—-1034September 1999

Comparing different semiconductor technologies and taking into account their actual performance/
cost ratio, the current understanding is that the silicon technology is and will be the basis of

IC fabrication also in the beginning of the next century. Due to new applications there is, however,
a market’'s demand to overcome the cutoff frequency limit inherent to silicon technology.

Hitherto obtained results suggest that existing solutions may be challenged by SiGe or other
silicon-based heterostructure devices. As an example of such heterostructure devices, in
general, the first practical bandgap-engineered silicon device, namely, the SiGe heterojunction
bipolar transistor, is discussed in more detail. However, to succeed commercially, the

SiGe technology has to outperform the silicon technology and undersell the 11—V technologies.
To this end, the development of a heterojunction silicon-based CMOS technology will be

of utmost importance. First results are encouraging and, hence, the very near future will probably
show whether or not SiGe is a promise into the future. 1899 American Institute of
Physics[S1063-78269)00209-4

Information technology is still one of the most important 2) The continuous reduction of the structure size within
global technologies. Ever since the invention of the transissilicon technology over the past 30 years or so has been
tor, we have witnessed a fantastic growth in semiconductoextremely successful in improving the performance of micro-
electronics, an important area within information technology.electronics and is in large measure responsible for the break-
It is fair to say that this impressive progress has only beethrough of information technology. Yet from a circuit de-
possible due to a unique combination of basic conceptionaigner’'s perspective, silicon is hardly the perfect material.
advances, the perfection of new materials and the develogzompared with some of the other semiconductors, it is quite
ment of new device principles. poor in terms of how fast charge carriers can move through

The first transistors were fashioned not from silicon butthe crystal lattice. This sluggishness limits the speed at
from germanium. There were important reasons for this priwhich all-silicon devices can operate.
ority, among them the much greater ease of purifying germa-  3) In contrast to silicon, many IlI-V semiconductor
nium and the higher mobility of electrons and holes within it. compounds are known to exhibit high carrier mobilities and
But due to the smaller energy bandgap, the performance afaturation velocities. Almost endless variations on their
germanium transistors degrades rapidly with temperature. Inohemical composition and, hence, energy bandgap are pos-
addition, no material was found that would provide diffusion sible. Bandgap engineering, in fact, is a powerful tool for
masking for germanium. growing different kinds of heterostructures and, hence, cre-

Recognizing these problems, the role of germanium as ating faster transistors. Even the most developed all-silicon
major player ended in the mid-1950s and semiconductotechnology will therefore never be able to compete with
technology switched to silicon. Since then silicon has beenll-V semiconductor compounds at least not with respect to
the dominant material in semiconductor technology. Only asignal processing rates and light-emitting properties.
few years later, in 1958, the integrated circuit was invented  Due to their performance, compound IlI-V semiconduc-
providing the base for the fantastic growth of microelectron-tors should therefore without any doubt provide the best pos-
ics. sibilities for accomplishing the objectives of mainstream mi-

Microelectronics means the multifunctional integration croelectronics.
of electronic devices and since the beginning of microelec- However, in spite of these performance advantages, why
tronics, the objectives have been to further increase the packre more than 95% of all manufactured ICs fabricated in
ing density, the complexity, the signal processing rate, angilicon? The answer is economics. ICs are simply much more
the multifunctionality. difficult and expensive to fabricate from IllI-V compounds

Various attempts have been made to accomplish theshan from silicon. Cost estimates performed by different
goals. Restricting ourselves to technology, three approachemmpanies showRef. 1) that the cost/area increases by a
are of particular interest to be mentioned briefly: factor of about 5 when going from silicon to GaAs and by

1) Three dimensional, stacked device structures wouldnore than a factor of 10 when going from 6-inch silicon
allow circuits of particularly high complexity and multifunc- wafers to 3-inch InP wafers. These figures are still more in
tionality. Though first results are encouraging, this approaclHavor of silicon considering that the 300-mm silicon wafer is
will acquire further interest in the future to overcome crip- on the market and that the 450-mm wafprobably together
pling flaws. with a 70-nm technologyis to be expected within the next

1063-7826/99/33(9)/3/$15.00 939 © 1999 American Institute of Physics
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10 yeargRef. 2. World-wide investments in silicon technol- Field oxide
ogy is enormous and yields are high in the silicon world
(CMOS).

On the other hand, high-quality oxides are scarce in the
[lI-V world, impeding device integration and high-purity,
large-diameter crystals are difficult to grow. In addition, chip
yields are lower due to inherent defects implying higher pro- N
duction costs, as mentioned earlier. Since market shares arChannel / P-Substrate 20 Qcm Subcollector
in most cases determined by performance/cost ratios, mosStoP // AN
companies are convinced that semiconductor technology is 7 y N
most probably predictable through Moore’s law another 10 = ' . ‘
to 15 yeargRef. 3 and that silicon-based ICs will dominate ‘
the market also in the beginning of the next century.

However, as already pointed out, silicon is not perfect.
Due to material properties, there is a cutoff frequency limit
inherent to silicon technology and considerably lower than
with 111-V semiconductors. Due to new applications in in-
formation technology asking for still faster circuits, there is g, 1. schematic diagram of a SiGe hetero-bipolar transi€tourtesy J.
market's demand to overcome the cutoff frequency limit ofArndt, Temio.
the silicon technology since these applications will only gen-
erate a large market if low-cost systems can be offered. An-
ticipating that mobicom applications up to about 3—5 GHz(Common-emittercurrent gaing can be approximated by the
will be covered by all-silicon technologies, there are numerexpression B=[(D,NgWg)/(DNgWg)]Z,  where Z
ous other wireless applications such as wireless local areal(NcNy)s/(NcN,)elexp@Ey/kT). HereD,, is the diffu-
network (WLAN), hyperLAN and broadband satellite com- sion constant of electrons and holes, respectivély; is the
munication which are of interest. In-home digital networksemitter and base doping, respectively; &kl s is the emit-
coupled to public networks are another example. All thesder and base layer thickness, respectively. The other symbols
applications need frequencies up to about 15 GHz. If fibehave their usual meaning.
communication or some radar applications are included, cir- N most transistor designd),/D; is close to 1 and
cuit designers like to have frequencies up to about 40 GH¥Ve/Wg between 3 and 5. To achieve a current gain of about
available. These frequencies are difficult to obtain by main150 in a silicon BJT, théNg/Ng ratio must be chosen be-
stream silicon technologies. tween 20 and 30 sincgé=1. Since the emitter doping can be

One way of overcoming the cutoff frequency limit of increased above #®cm 2 only slightly, this restriction puts
silicon devices is using the performance advantage of Il1-\& limit on the base doping and, hence, on the base resistance
compound semiconductors based on heterostructures. In tHit -
context, silicon-germanium alloys have been discussed since The situation is very different with the HBT. There, the
the mid-1950s(Ref. 4. Well aware of the fact that Ill-v current gain depends exponentially on the germanium con-
compound semiconductors already have shown their superiégnt at the base-collector junction, implying thats about
performance for such applications, the vision is to outper100 forx=0.2 and about 400 fox=0.25. For many appli-
form silicon technology by using the performance advantagé&ations, current gain is less important than speed. Consider-
of Ill-V compounds, and to undersell the IlI-V technolo-
gies.

One of the first and probably also one of the simplest
bandgap-engineered silicon devices is the SiGe heterojunc
tion bipolar transistofHBT). The HBT may therefore serve =8 _I_ _.___. /
as an example for demonstrating a few important differences
in the performance of all-silicon devices with regard to
silicon-based heterojunction devices in general.

ThenpnHBT, for instance, differs from a silicon bipolar
junction transistofBJT) only with regard to the base which
in the HBT consists of a strained;Si Ge, epitaxial layer of
either constant or varying compositidirig. 1). The only
constraint for a practical SiGe HBT design is that the inte-
grated germanium content be low enough to guarantee filrr
stability. Since the difference in the bandgap enetdy, is
almost completely absorbed by a lowering of the conduction ~ Emitter Base
band edge, electrons have to overcome a much lower energ, Ne We NeWo
barrier in the HBT than in a BJT when being injected into i 2. schematic energy diagram of a Sign hetero-bipolar transistor
the basdFig. 2). This implies, somewhat simplified, that the (Courtesy J. Arndt, Temjc

Cdeep Metal2

Poly-Si
SiGe-Base

Metal 1  Active collector Subcollector

Collector
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ing that the maximum oscillator frequency at which
power amplification is 1, can be approximated by
fmax=0.2Vf1(RgCpgc), @ larger current gain can be traded

against a highef; and a lower base resistance by reducing electron-gas hole-gas

the base layer thickness and simultaneously increasing th hetero-NMOS hetero-PMOS

base doping. Her€g is the collector-base capacitance, and Sehottky st

f is the frequency at which the magnitude of the incremen- _;4, n-HFET oMY 8 o DT

tal short-circuit common-emitter current gain extrapolates to 5 80 | ok

unity. The quantityf; is given byfr=1/2r7ec and, hence, < ok / fmax coF  fmax

. . . . . . Q

increases with decreasing base layer thickness, sipgés g 40 40r

the transit time of the carrier from the emitter to the collec- g 20 ?/f”l“_\ 201 _f}\

tor =~ 0L L )\ 1 L both 0 T RS R T |

: ) , ) —04-02 0 02 04 n-andp-FET 1.00.80.60402 0-02

Recent studies at different laboratories have demon- Gate voltage (V) 85-95 GHz Gate voltage (V)

strated that the upper bound on cutoff frequency in aggres-

sively designed SiGe HBTs is well above 100 GHz rnoreFIG. 3. Schematic diagram of a lateral hetero-CMOS and examples for the
: . P f theFET andp-FET (C U. Koni

than a factor of 2 higher than the best achieved in silicon, Couency response @ { andp (Courtesy onig

The frequencie$;=116 GHz,f,,,,=165 GHz and noise fig-

ures of 0.5 dB at 2 GHz, as well as power added efficiencies . o

larger than 70% have been reported and there are good rexany and IBM. The Daimler-Benz design is based on the

sons to believe that there is still more to come. Simulation?!gh'mﬁb'“tyIperfortwanqe of stramt_ed sllllclon ar|1d ger;na-
show that cutoff frequencies close to 200 GHz may well pg UM channeis in othérwise conventional planar fayer struc-

achieved in SiGe HBTSs, suggesting that visions in the past[ures(Fig. 3. Both n-HFET andp-HFET with f and cut-

may still become reality. Assuming that the operating fre-ﬁ'cf frec?uendmes abc:jve 85 GHz dar;:i_ 4|o %HZ’ rr]espet():tlvely,b
qguency is about 0f}, the realization of such circuits would ave already been demonstrated. Similar data have been ob-

indeed open a wide range of new applications for silicon-t""med by IBM. [nterestingly, d.ue to the large mobility in-
based technologies, crease of 'hc.)Ies. in the germanium 2DHG, both types of de-
Though the SiGe HBT is a very interesting and attractive’'¢®S eXh'b't_ S|m|Iar_ _frequency pe_rformf_mces, In contrast
device, bipolar devices and circuits comprise only a smaly\”th conyentmnal silicon MOS. Simulations suggest that
fraction of the total market. Realizing that CMQtgether fmax OF SiGe HFETs may well approach values above 200
with BICMOS) dominates about 80% of the market, SiGeGHZ for c_hannel Igngth below 100 nm. .
technology will probably never merge with mainstream tech- We will soon find out whether_ or not hle.tero—CMOS wil
nology if it does not contribute to CMOS technology. Al- overcome the cutoff frequency limit of silicon or whgther
though in a first approach, SiGe HBTs will probably be com—they are challenged by other approaches such as gigascale

bined with standard CMOS technology, several attempt ingIe-eIectrqn deviceRef. . Neverthe_less, S.iG@r per-
have been made to use the performance advantage of silico japs even SiGetalloys suggest many interesting possibili-

based heterostructures also for CMOS applications. Due tges for the future. Several companies offer already SiGe cir-

the limited scope of this paper, only two examples will peCUlts on the market .W'th cor_15|derable performance
mentioned. advantages over conventional devices. The very near future

One approach is based on the vertical MOS which forwiII show whether or not SiGe has succeeded in outperform-

instance, has been demonstrated by Siemens as an all-silic8l¥ silicon technology and underselling the [11=V technolo-
ROM in MultiMediaCards(1997: 64 Mb, next generation:

256 Mb). Although the channel length is defined by the ep-

itaxial channel layer, these devices still use a channel length., . . . —

. his paper was presented at the anniversary meeting of the scientific coun-
of 290 nm. The advant?‘ge of the' vertical MOS over a con- cil of the A. F. loffe Physiotechnical Institute of the Russian Academy of
ventional planar MOS is the 4 times smaller area %2  Sciences on the occasion of selecting the author an honorary member of
compared with &2 for a DRAM and a 4us read access time , the Institute(September 28, 1998
of the Multimedia Card application. E-mail: hermann.grimmeiss@ftf.ith.se

A heterojunction at the source side of a vertical MOS
keeps the barrier constant in the off-state and is expected to
avo.|d,. among oth_er thlng?’ Sho,rt Cha,nnel effects such as’U. Konig, in Proceedings of Nobel Symposium 99, Heterostructures in
drain-induced barrier lowering. Simulations suggest that ver- semiconductorsArild, Sweden 4—8 June 1996edited by H. G. Grim-
tical hetero-MOS with channel length down to about 20 nm meiss(World Scientific, Singapore, 1997p. 90.

o ) . e
may exhibit on-currents of up to 20 0QQA/um?, off-state JA- M. Wacker private communication _ ,
rrents smaller than 16 uA/um?® a transconductance A. W. Wieder, Research and Innovation, 1/98, p. 39, published by Siemens

cu AT T . L AG, Corporate Technology Dept., Munich.
larger than 3500 mS/mm, and an intrinsic carrier transit time4H. Kroemer, Proc. IRE5, 273 (1957.
less than 1 p$Ref. 5. ZK. De Meyer(private communication

Another approach of heterojunction field effect transis- K- Yanoetal, ISSCC 98, p. SA 21.7:A.
tors (HFET) haS. been demonstrated by Severa.J laboratorieshis article was published in English in the original Russian journal. Repro-
such as the Daimler-Benz Research Laboratories, Ulm, Getluced here with stylistic changes by the Translation Editor.
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SEMICONDUCTOR HETEROSTRUCTURES

Heterostructure solar cells
V. M. Andreev*)

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 1, 1999; accepted for publication March 2, 1999
Fiz. Tekh. Poluprovodr33, 1035—-1038 September 1999

Heterostructure solar cells based on IlI-V compounds are studied. Record-high efficiencies are
obtained for solar cells based on AlGaAs/GaAs heterostructures: 24.6% for 100-fold
concentration of sunlight in outer spa@®MO0) and 27.5% for 100-fold concentration of the light

on the groundAM1.5). A substantial increase in radiation resistance is obtained for solar

cells with a built-in Bragg mirror. Cascaded solar cells with efficiencies of up to 32% for 100 suns
(AM1.5) are created and studied; in these cells the upper wide-gap materials are infrared
transparent elements based on GaAs, while the lower narrow-band elements are made of GaSb
or an InGaAs solid solution. €999 American Institute of Physid$§1063-782609)00309-9

Photoelectric conversion is one of the most promisingback potential barrier, made of AGa jAs which increased
methods for converting solar energy. Since the launching ofhe efficiency of collecting the charge carriers generated by
the satellite Sputnik-3, on which solar batteries were used fothe light (Figs. 1b and 2
the first time, the photoelectric method has been the major In recent years, MOC-hydride epita{gaseous phase
method for obtaining electrical energy on spacecraft and is iepitaxy from metal-organic compoundsas come into wide-
ever wider use on earth. Silicon is currently the main matespread use for fabricating AlGaAs/GaAs hetero-
rial in solar cells. The efficiency of silicon-based solar cellsstructures ' Solar cell heterostructures with a built-in
is 15—16% under direct solar irradiation near the earth. Thé&ragg mirror(Fig. 10 made by this method are of consider-
efficiency of these cells is about 20% on the earth undeamble interest. In the structure developed at the loffe
direct solar irradiation and up to 25—-27% at 30 to 50-foldInstitute?! instead of a back potential barrier, a multilayer
concentration of the energy of the sunlight. When the illumi-dielectric mirror which consists of 24 alternating layers of
nation intensity is increased further, the efficiency of siliconGaAs (60 nm and AlAs (70 nm was fabricated. The reflec-
cells decreases because of the elevated operating temperattivity from this sort of mirror is~95% in the spectral inter-

and higher resistive losses. val 750-900 nm. This reflects the part of the sunlight that is
Solar cells based on heterostructures have high efficiemot absorbed in the base layer into the active region and
cies and high radiation resistance. makes it possible to maintain a high efficiency of collection

The important advantage of heterostructure photoconef the current carriers generated by the light while reducing
verters is their ability to efficiently convert highly concen- the thickness of the base layer and reducing the diffusion
trated sunligh{up to 1000—-2000 timgswhich opens up the displacement lengths. A consequence of its use is a higher
possibility of a substantidproportional to the degree of con- radiation resistance for the solar cells.
centration reduction in the area and cost of solar cells and, = Because of their high efficiency and elevated radiation
thereby, a reduction in the cost of “solar” electric power. resistance, solar cells based on AlGaAs/GaAs heterostruc-

Solar cells based on-GaAsp-AlGaAs heterostructures tures are widely used in solar batteries in outer space. The
were first proposed and created at the loffe Institft@he  solar battery of the base module of the Mir space station is
use of a wide-gap “window,” made of a thin layer of Al- equipped with heterostructure solar cell with a total area of
GaAs solid solution(Fig. 13 that is essentially completely about 60 M that was manufactured by the technology devel-
transparent to sunlight, ensures passivation of the surface oped at the loffe Institute. Over its more than ten years of
the photoactive regiotf and makes it possible to achieve operation, the power of this battery has fall by only 20%.
efficiencies close to the theoretical maxima. Low- Cascade solar cels*®based on multilayer heterostruc-
temperature liquid-phase epitaxy was used to créate tures with two or morg—n junctions in materials with dif-
multilayer AlGaAs/GaAs heterostructures that yieldedferent band gaps can further enhance the efficidray. 3).
record-high efficiencies for solar cells with a single In these solar cells, the “upperf—n-junction, made of the
p—n-junction: 24.6% for 100 “suns” under the conditions wider-band material, is intended for efficient conversion of
of outer space and 27.5% for 100—200 “suns” on earth.the short wavelength part of the sunlight, while the “lower”
These efficiencies were achieved by reducing the thicknegs—n-junction, made of the narrow-gap material, is opti-
of the frontal layer of A} Ga ;As to 30—50 nm, crystalliz- mized for conversion of long wavelength light that has
ing high-quality material in the active region, and creating apassed through the wide-gap element. Theoretical estimates

1063-7826/99/33(9)/4/$15.00 942 © 1999 American Institute of Physics
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GaAs AlGaAs

».
>

@ FIG. 1. Energy band diagrams of solar cells
based on AlGaAs/GaAs heterostructures:
a — structure with @—n-junction in GaAs
and with a frontal wide-gap “window” of
p-AlGaAs; b — structure with a back poten-

tial barrier in then-region; ¢ — structure
with a frontal p-AlGaAs layer of variable

composition; d — structure with a Bragg
mirror in the n-region.

show that in complicated photoconverters of this sort, effithis sort have efficiencies of 32-33%Ref. 13 for 50 to

ciencies of greater than 40% are possible. 100-fold concentration of solar radiation when the air mass is
A substantial enhancement in the efficiency of cascadgeresentAML1.5).
cells has been demonstratédfin a design with mechanical A monolithic design for a cascade solar eleméfigs.

fastening(Figs. 3c and 3d GaAs is used for the wide-gap 3a and 3lp in which the “upper” and “lower” elements are
element in this design and either InGaAs or GaSb are used @®nnected by @ —n*-tunnel junction, which ensures low
the material for the narrow-gap element. Here the GaAs el-
ement is transparent for infrared radiation with wavelengths

exceeding 0.9um, while the narrow-gap element ensures a hy b
efficient conversion of the long-wavelength portion of the %\ % N
sunlight within the spectral range 0.9-1u8n. Solar cells of v P ]
» n
! £l
Antireflection Prismatic z v 2p
coating coating 2 =
n
+ Eg
\ p*-GaAs . - ;
ZnS u_m_ﬁ_@ 4
p-AlGaAs : Mg 0.05 pm L ]
p-GaAs : Mg 0.5 pm éh\’z § n
n-GaAs : Te 3.0 um 3 %I G .
=]
n-AlGaAs : Te 3.0 um &=
n
n*-GaAs : Sn
400 pm .
substrate 77 7 >
Ego Eg
/ 7 Eg

Ohmic contact _ _ o _
FIG. 3. Schematic representatideft) and distribution of the width of the

FIG. 2. Sketch of a heterostructure solar cell with a back potential barrier oband gapEg (right) for two types of cascade solar cells: a, b — monolithic
n-AlGaAs:Te and a prismatic front coating used to reduce the optical lossesonstruction with go* —n*-junction; ¢, d — cascaded cells with mechani-
due to shading by the front strip contacts. cal joint connected by a contact grid.
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resistive losses, is of even greater interest. Cascade cells ahd there are possibilities for further enhancing their effi-
this sort(Figs. 4 and % have been created on the basis ofciency and radiation resistance, as well as reducing their
AlGalnP/GaAs*™® and AlGaAs/GaA¥ heterojunctions by cost.
MOC-hydride epitaxy**® and liquid-phase epitaxif. The Power generators with sunlight concentration based on
maximum attainable efficiencies for these cells are abouthese photocells have recently been developed at the loffe
30% (Ref. 15 for solar radiation passing through the atmo- Institute for use on the earth and in spat& The ground-
spherg AM1.5). When MOC-hydride epitaxy is used for this based power systems were based on high-pd&«et0 kW),
purpose, it becomes possible to use substrates of relativehjigh-efficiency photocells and concentratdmirrors and
cheap and more durable germanium for fabricatingFresnel lensgghat concentrate sunlight by up to 500 times.
multilayer 11I-V heterostructure&Fig. 5), which opens up the These devices are equipped with systems for tracking the
possibility of reducing the expense and specific power outpusun’s position and are completely automatic, which makes
of solar batteries. In addition, as Fig. 5b shows, an additionalhem a promising source of electrical energy for consumers
(third) p—n-junction can be created in the germanium inwho are far from central electricity supply lines.

these structures, thereby raising the efficiency in a three- The concentrator battery modules for use in space con-
cascade photoconverter of this type. Therefore, record-higtain a lens panel, a honeycomb frame, and stamped plates

efficiencies have been obtained in heterostructure solar cellsith solar cells mounted at the focus of the Fresnel lenses. In
addition to their higher efficiency, using these solar batteries

in space offers the following additional advantages: the pos-
sibility of protecting the photoconverters from ionizing ra-

Metal contact j:H—
. . n-GaAs .. .

Ang;‘t]ierfg“f’“—— — TP diation using the components of the concentrator system, the
n-GaAs n-GalnP Top possibility of selecting a thermal operating regime for the
n-AlInP Galnp cell photoconverters that ensures thermal annealing of radiation

-aln g ege . ..
n-GalnP __,,Tcﬁp i defects, and the possibility of performing photon and injec-
p-GalnP « P'AlgaI"P tion annealing of solar cells operating at elevated photocur-

p+-GaAs | i Ist tunnel i
p-AlGalnP n+-GaAs junction rent densities.
p*-GaAs . Tunnel n-GalnP ) . . .
n+-GaAs Jur}ctxon nGahs | Middle *)E-mail: andreev@scell.ioffe.rssi.ru

- 11
n-GalnP p-GaAs ce
n-GaAs __Bottom
cell P;GaIHP 1Zh. I. Alférov, V. M. Andreev, N. S. Zimogorova, and D. N. Tret'yakov,
p-GaAs prGaks T 2nd tunnel Fiz. Tekhn. Poluprovodn3, 1633 (1969 [Sov. Phys. Semicon®, 974
nt-GaAs Junction (1969]
p-InGaP n-AlGaAs 2 NP
e Zh. I. Alferov, V. M. Andreev, M. B. Kagan, |. |. Protasov, and V. G.
Ge or GaAs substrats n-tie ...,..Bfl)l“om Trofim, Fiz. Tekhn. Poluprovodr, 2378(1970 [Sov. Phys. Semicond.
o 4, 1535(1970)].

T p-Ge substrate (substrate) 3
. V. M. Andreev, T. M. Golovner, M. B. Kagan, N. S. Koroleva, T. L.
Metal Comact? Lyubashevskaya, T. A. Nuller, and D. N. Tret'yakov, Fiz. Tekhn. Polu-
provodn.7, 2289(1973 [Sov. Phys. Semicond, 1365(1973].
FIG. 5. Structures of monolithic cascade solar cells based on AlGalnP/*Zh. I. Alférov, V. M. Andreev, D. Z. Gaburov, V. R. Larionov, V. D.
GaAs/Ge heterostructures with twideft) and three(right) photoactive Rumyantsev, and V. B. Khalfin, Fiz. Tekhn. Poluprovodr, 1765
p—n junctions. (1977 [Sov. Phys. Semicond.1, 1014(1977)].
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Despite its early age, laser based on arrays of self-organized quantum dots modified all the basic
commandments of the heterostructure laser. Excitonic gain mechanism and discrete energy
spectrum in a quantum dot provide principally new ways to control optical properties of the media.
Extension of the spectral range using the same substrate will probably soon lead to the
appearance of quantum dot lasers on the market.1989 American Institute of Physics.
[S1063-782629)00409-3

1. INTRODUCTION (10'?cm™?) provide much higher modal gain, as compared

The advantage of a discrete energy spectrum and efffo & more 9';““9 array of larger QDéypically about
cient overlap of electron and hole wave functions in a quan—101 ~ 10" cm™?). On the other hand, larger QDs can provide

tum dot(QD)*~* was recognized already in the early 19803_!”nuch highe_r Iocalizatiqn energy. This gives some f!exibility
When the first pape?é on the possibility of using QDs as N constructing the dey|ce. In the case where oneis interested
active media of a semiconductor laser with strongly im-In keeping light maximum absorption or gain values, 2D
proved and temperature insensitive parameters appearéél',ands are preferable. ngh-temperature stability of. the
many scientists and engineers started searching for ways {greshold current and a maximum long-wavelength shift of
fabricate quantum dots and to study their properties. Howtn® emission(e.g., 1.3 or 1.5«m range using GaAs sub-
ever, more than a decade passed until first lasers based 8Hates are realized for 3D islands. _
self-organized QDs have been fabricated in 19B&f. 5 Dense arrays of QDs can demonstrate lateral ordering

and were proven to demonstrate the predicted propérties. due to their interaction via the strained supstﬁa&acked
3D QD deposition demonstrate vertically-correlated

growth®1° The 2D islands demonstrate either correlated or

anticorrelated growth, depending on the relative thickness of
Currently the most promising method of fabricating QDsthe spacer layelt

is based on the effect of spontaneous nanoislanding during Several other promising methods of fabricating QDs us-

heteroepitaxial growth. Flat2D) nanoislands are usually ing self-organization phenomena exisee, e.g., Ref. 12 and

formed by submonolayer deposition and the driving forcethe references cited there

relates to the surface stress discontinuity at the island edges. —spontaneous quasiperiodic faceting of crystal surfaces

The elastic relaxation of the surface stress along the islandnd heteroepitaxial growth of faceted surfaces;

2. METHODS OF FABRICATING QUANTUM DOTS

boundary makes formation of uniform in size nanoislands —spontaneous phase separation in semiconductor alloys
energetically favorablé After overgrowth 2D islands repre- during growth or slow cooling;
sent ultrathin nanoscale “pancakes” inserted in a wide-gap —spontaneous alloy decomposition upon high-

matrix. The localization energy of carriers and excitons intemperature annealing.
these islands is relatively small, except for materials with
large electron and hole masses are ufédVl materials,
- . : 3. EDGE-EMITTING AND VERTICAL-CAVITY QUANTUM DOT
group-lll nitrides. In view of the small average thickness of LASERS
the insertion, a possibility of stacking strained 2D islands by
keeping the average strain in the epilayer low exists. Arrays  Evident progress in using QDs has been achieved in the
of 2D islands usually provide much narrower absorption orarea of semiconductor lasers. Two basic device geometries
gain peaks. have been applied. In one case, the light propagates along the
In the case of 3D islandshe driving force relates to the plane with QDs, and the resonator represents conventional
elastic relaxation of the volume strain of the island formedFabri—Perot cavity with natural cleavages as mirr@sse
on a lattice-mismatched substrate. Possibility of stable withFig. 1, on the right In the other case, the light is emitted
respect to ripening 3D islands appears if the total surfac@erpendicular to this plan@ee Fig. 1, on the leftwhile the
energy of the island is smaller than the surface energy of theavity is confined in vertical direction by multilayer stacks of
corresponding area of the wetting layer occupied by it. Thdayers that form distributed Bragg reflectors.
latter is possible if the strain-induced renormalization of the  The first approach allows fabrication of high-power la-
surface energy of the facets is taken into acc8unt. sers utilizing advantages of ultralow threshold current den-
Oscillator strength in a small QD is not a function of the sity due to QDs, which can prevent dislocation growth and
QD volume. Thus, dense arrays of very small QDssuppress laser mirror overheating by nonradiative surface re-

1063-7826/99/33(9)/5/$15.00 946 © 1999 American Institute of Physics



Semiconductors 33 (9), September 1999 N. N. Ledentsov 947

light out

tntracavit
metal contacts

metal contact

ALO
light out
P-AlGaAs dadding
= -»
GxAs substrate N-AlGaAs cladding

FIG. 1. QDs are used as active media of semiconductor heterostructure lasers in edge-éigtttingnd vertical cavity(left) geometry.

combination due to localization of carriers in QFsn the —Significant progress in theoretical understanding of
second approach lasers with ultralow total currents can b&D lasers with realistic parameters has been achi&&d.
fabricated, and, even more exciting, lasers based on single —Operation of QD lasers in the visible spectral range

QD can be potentially realized. has been demonstraté&h.
The important events in the QD laser field can be briefly ~ —Vertical-cavity surface-emitting lasergVCSEL9
listed here. based on QDs with good properties have been demonstrated
—Photopumped QD laser has been first realized byy Huffakeret al?®
Ledentsowet al. in 1993 at the A. F. loffe Physicotechnical —The joint team from the A. F. loffe Institute, Air Force
Institute® Institute of Technology, Ohio, USA, and Technical Univer-

—First QD injection laser has been fabricated in 1994sity of Berlin demonstrated a QD vertical-cavity laser with
by a joint collaboration between Technical University of parameters which fit to the best values for devices of similar
Berlin and A. F. loffe Institute. Lasing via the QD ground geometry based on QW®&ef. 26 (see Fig. 3
state and the temperature-insensitive threshold current have —1.31.um lasing at room temperature with a threshold
been demonstrated. current density of 240 A/chis demonstrated for the device

—Room temperaturéRT) operation via quantum dots based on InGaAs QDs in a GaAs hdét.
has been demonstrat&ti’ In general, the basic parameters of edge-emitting and

—Ultrahigh material and differential gain in QD lasers vertical-cavity QD lasers approached those for QW devices,
have been manifestéd. while the QD laser story is only starting.

—RT lasing with 60 A/crA has been realizeld.

—Continuous-wave RT high-power operation of a QD 4. UNEXPECTED RESULTS
laser(1.5 W; Ref. 20 was realizedsee Fig. 2 For copper
heat sink and waveguide layer thickness of about @n3
these structures show comparable results to the state of the In ultrathin layers, or QWSs, there exists a continuum of

4.1. Far-Infrared emission in quantum dot lasers

art quantum wel(QW) devices. states at any energy above the subband energy, since the
—Low-threshold InAs QD laser on InP substdtemit-  in-plane motion of charge carriers is not limited. If the car-
ting in the range 1.84—1.A2m has been fabricated. rier is excited to the second subband, it relaxes to the first
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FIG. 2. High-power operation of edge-emitting InAs/AlGaAs QD laseit). Transmission electron microscopy image of the active region of the high power
QD laser(right). Stripe length 85Qum, width 100m, waveguide region 0.2m.
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result in ultrahigh QD excitor{or even higher biexciton
gain values under generation of nonequilibrium carrtérs.
Resonant waveguides are based on the effect of resonant
enhancement of the refractive indéx along the contour of
the absorptior{or gain curve. To have a significant impact
on the waveguiding properties of the media the absorption
peak must be strong enoughif~0.5 for a~10°cm ™).
For resonant waveguiding it is not necessary to have external
cladding of the active region with QDs by layers with sig-
nificantly lower refractive indices. Practically, it means that
lasers can be created in materials having no suitable lattice-
matched heterocouple with lower refractive index.

T
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100 4.4, Self-adjusted cavities

In VCSELs the effect of strong resonant modulation of
the refractive index serves for self-adjustment of the cavity
oy mode and lasing spectrum. As the material gain of a single
3 4 567 8 9 1 QD reaches ultrahigh values due&dunction-like density of
Aperture, pm states and negligible homogeneous broadening, even single

o quantum dot lasing may become possiile.
FIG. 3. Threshold currentl{,) of the QD VCSEL. The emission spectrum

at 1.3);, is shown in the inset. The quantum efficiencyis 16% at 10um.
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4.5, Vertical cavity lasers without Bragg reflectors and
cavity

subband via emission of a descrete quantum of energy—an  ighly reflective Bragg mirrors on both sides of the cav-
optical (LO) phonon. Because of the continuum nature Ofity are necessary for QW VCSELs, since relatively small
electron states in a QW, there always exist states in the firgf5ximum gain in these structurgabout 16 cm™* (Ref. 4]
subband to which electrons can scatter within 1 ps. In CONgequires low external losses of the device. However, if the
trast, in QDs the relaxation time to the ground sublevel takeg,aximum gain can be made high enough, there is no need to
typically 10-40 ps. The electron must emifc a combinati_on_ofmake Bragg mirrors highly reflective. For gain values ex-
different phonon; to.match the energy d|fference. This iNceeding 16cm™ and active layer thickness of 200 nm the
creases the relative importance of the competing rBe""‘xat'Oﬂicet(or mirror) reflectivity of the order of 30% is enough to
mechanism via emission of far-infrar¢BIR) photons? achieve vertical lasing. Due to the low finesse of the cavity
In Ref. 28 the FIR emission was observed in QW andang the self-adjustment effect, strict fitting of the cavity and
QD lasers. The intensity of the FIR spontaneous emissioghe gain spectrum is not required. This effect was demon-
was about an order of magnitude higher in the QD casegirated for 20-times stacked CdSe submonolayer QD inser-

Moreover, the FIR emission in QDs has a threshold charactgfys in a ZnMgSSe hotgrown on a GaAs substrate.
since it requires a much higher intensity of the FIR emission

in the QD case. Hopefully, this will make it possible to cre-

) 4.6. Quantum dot composites
ate a new generation of FIR lasers.

The gain of the array of QDs is not defined by a simple
sum of gains of single QDs. Interaction of electromagnetic
fields of anisotropic QDs or anisotropic QD lattices makes
the splitting of the TE and TM modes for the same QD

QDs make it possible to cover strategically importantexciton transition inavoidable. This effect can result in split-
spectral ranges of 1.3 and 1.p8n using GaAs substrates. ting as large as several tens of meV, as was predicted theo-
This is particularly important for VCSELs, where high- retically and is proven experimentalf§. Maximum gain of

quality monolithic AlAs—GaAs Bragg reflectors and devel-the QD ansemble is also a strong function of the relative
oped oxide technology are available only on GaAs subgzrrangement of QD¥

strates. Recently it was discovered that associates of InAs
QDs formed at low substrate temperatdPesmit light at
wavelengths up to 1.&m at 300 K.

4.2. Extension of the spectral range of GaAs-based devices
to 1.8 um

4.7. "quantum-well” lasers

Most of recent industrial QW lasers are based on thin
layers of alloys used as active regions. It is clear now that
these layers in most cases exhibit quasiperiodic nanoscale

The experimentally measured absorption coefficient forcompositional modulations that create in many cases dense
structures with stacked CdSe QDs in a ZnSe matrix in tharrays of quantum wire- or QD-like structurEsBy using
direction perpendicular to the planes with nanoislands apthe same average alloy composition the luminescence peak
proachesa=10°cm ! (Ref. 30. High absorption coeffi- energy can be tuned at several hundred meV by tuning the
cients and lack of exciton screening in dense arrays of QDgrowth conditions’* Careful evaluation of the impact of such

4.3. Resonant waveguides
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effects on lasing characteristics of modern lasers is necessafy. A. Shchukin, D. Bimberg, V. G. Malyshkin, and N. N. Ledentsov,

to clear up the role of self organized QDs or quantum wire
in this case.
5. CONCLUSION

QDs (Ref. 35 modified all the basic commandments of
the double heterostructut®HS) laser’®3’

DHS, DHS QW QD

—lattice matching undesirable

—material gain orders of magnitude
higher

—exciton screening is not important

—homogeneous broadening at RT is small

—cladding with lown layers is not necessary
—VCSEL: Bragg reflectors and cavity are not necessary
—Ilasing in optical and near-IR range and simultaneous
FIR emission
is not necessary
(InAs/Si QDs

is extended to
1.8 um

—one family (II-V=III-V,...)

limited wavelength range on GaAs

It appears that the QD laser seems to be a complete

s Phys. Rev. B57, 12 262(1998.

2N. N. Ledentsov, Prog. Cryst. Growth Charag$, 289 (1997).

N, N. Ledentsov, J. Burer, D. Bimberg, S. V. Zaitsev, V. M. Ustinov,
A. Yu. Egorov, A. E. Zhukov, M. V. Maximov, P. S. Kop’ev, Zh. I.
Alferov, A. O. Kosogov, U. Geele, and S. S. Ruvimov, iNlater. Res.
Soc. Symp. Progedited by R. J. Shul, S. J. Pearton, F. Ren, and C.-S. Wu
(Pittsburgh, 1998 V. 421, p. 133.

14Q. Xie, A. Kalburge, P. Chen, and A. Madhuka, IEEE Photonics Technol.
Lett. 8, 965(1996.

15K. Kammath, P. Bhattacharya, T. Sosnowski, and J. Phillips, Electron.
Lett. 30, 1374(1996.

16H. Shoji, K. Mukai, N. Ohtsuka, M. Sugawara, T. Uchida, and H.
Ishikawa, IEEE Photonics Technol. Le®,. 1385(1995.

F. Heinrichsdorff, M.-H. Mao, A. Krost, N. Kirstaedter, D. Bimberg,
A. O. Kosogov, and P. Werner, Appl. Phys. Lett, 22 (1997).

8N. Kirstaedter, O. G. Schmidt, N. N. Ledentsov, D. Bimberg, V. M.
Ustinov, A. Yu. Egorov, A. E. Zhukov, M. V. Maximov, P. S. Kop'ev,
and Zh. I. Alferov, Appl. Phys. Lett69, 1226(1996.

I9N. N. Ledentsov, V. A. Shchukin, M. Grundmann, N. Kirstaedter,
J. Bthrer, O. Schmidt, D. Bimberg, S. V. Zaitsev, V. M. Ustinov,
A. E. Zhukov, P. S. Kop’ev, Zh. I. Alferov, A. O. Kosogov, S. S. Ruvi-
mov, P. Werner, U. Cgele, and J. Heydenreich, Phys. Rev58 8743
(1996.

|§?M. V. Maximov, Yu. M. Shernyakov, A. F. Tsatsul'nikov, A. V. Lunev,

new device with properties which can remarkably expand A- V- Sakharov, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, A. R.

our possibilities in many applications, rather than simply a
laser with some parameters improved with respect to the

DHS or DHS QW lase?*

Kovsh, P. S. Kop'ev, L. V. Asryan, Zh. I. Alferov, A. O. Kosogov, and
P. Werner, J. Appl. Phy®3, 5561(1998.

V. M. Ustinov, A. R. Kovsh, A. E. Zhukov, A. Yu. Egorov, N. N.
Ledentsov, A. V. Lunev, Yu. M. Shernyakov, M. V. Maksimov, A. F.

Original results mentioned in this work became possible Tsatsul'nikov, B. V. Volovik, P. S. Kop'ev, and Zh. 1. Alferov, Pis'ma Zh.
due to the cooperation with my colleagues at A. F. loffe Tekh. Fiz24, 17 (1999 [Tech. Phys. Lett24(1), 49 (1999].

Physicotechnical Institute, St. Petersburg, Institutfastke
rperphysik, Technische Universiterlin, Technical Univer-
sity of St. Petersburg, Max-Planck-Institut ikrostruktur-
physik, Halle, and the Institute for Analytical Instru-

22|, V. Asryan and R. A. Suris, IEEE J. Sel. Top. Quantum ElectBri48
(1997.

M. Grundmann and D. Bimberg, Jpn. J. Appl. Ph$6, 4181(1997).

%A, Moritz, R. Wirth, A. Hangleiter, A. Kurtenbach, and K. Eberl, Appl.
Phys. Lett.69, 212 (1996.

mentanon in St. Peteerurg' We aCknOWIedge support fron35D. L. Huffaker, O. Baklenov, L. A. Graham, B. G. Streetman, and D. G.
the Russian Fund for Fundamental Research, Volkswagenpeppe, Appl. Phys. Let0, 2356(1997).
Foundation, INTAS, and Deutsche Forschungsgemeinschaftj. A. Lott, N. N. Ledentsov, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov,

The author is personally grateful to the Alexander von Hum-

boldt Foundation.

“E-mail: shura.lebe@pop.ioffe.rssi.ru

IA. 1. Ekimov and A. A. Onushchenko, JETP LeB4, 345(1981).

2Al. L. Efros and A. L. Efros, Fiz Tech. Poluprovodn, 16 1208982
[Sov. Phys. Semicond.6, 772(1982].

3Y. Arakawa and H. Sakaki, Appl. Phys. Le#t0, 939 (1982.

4M. Asada, M. Miyamoto, and Y. Suematsu, IEEE J. Quantum Electron
QE-22, 1915(1986.

5N. N. Ledentsov, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, M. V.
Maximov, |. G. Tabatadze, and P. S. Kop’ev, Fiz. Tekh. Poluprov2gin
1484 (1994 [Semiconductorg8, 832(1994].

6N. Kirstaedter, N. N. Ledentsov, M. Grundmann, D. Bimberg, V. M.
Ustinov, S. S. Ruvimov, M. V. Maximov, P. S. Kop'ev, Zh. I. Alferov,
U. Richter, P. Werner, U. Gosele, and J. Heydenreich, Electron. 3@tt.
1416 (1994).

V. 1. Marchenko, JETP Lett33, 381(1981).

8V. A. Shchukin, N. N. Ledentsov, P. S. Kop'ev, and D. Bimberg, Phys.
Rev. Lett.75, 2968(1995.

L. Goldstein, F. Glas, J. Y. Marzin, M. N. Charasse, and G. Le Roux,
Appl. Phys. Lett.47, 1099(1985.

10N, N. Ledentsov, M. Grundmann, N. Kirstaedter, O. Schmidt, R. Heitz,
J. Bahrer, D. Bimberg, V. M. Ustinov, V. A. Shchukin, P. S. Kop’ev, Zh.
I. Alferov, S. S. Ruvimov, A. O. Kosogov, P. Werner, G. Richter,
U. Gosele, and J. Heydenreich, Proc. MS@895 [Solid-State Electron.
40, 785(1996)].

P. S. Kop’ev, Zh. I. Alferov, and D. Bimberg, Electron. Le®3, 1150

(1999).

27D, L. Huffaker, G. Park, Z. Z. Zhou, O. B. Shchekin, and D. G. Deppe
(unpublishegl

28|, E. Vorob'ev, D. A. Firsov, V. A. Shalygin, V. N. Tulupenko, Yu. M.
Shernyakov, N. N. Ledentsov, V. M. Ustinov, and Zh. I. Alferov, JETP
Lett. 67, 275(1998.

2%M. V. Maximov, N. N. Ledentsov, A. F. Tsatsul'nikov, B. V. Volovik,

V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, A. R. Kovsh, P. S. Kop’ev,

Zh. |. Alferov, D. Bimberg, I. P. Soshnikov, and P. Werneroc. ICPS24

-+ (Jerusalem, 1989

30G. N. Aliev, A. D. Andreev, R. M. Daitsev, S. V. Ivanov, S. V. Sorokin,
A. B. Kapustina, I. L. Krestnikov, M. E. Sasin, and R. P. Seisyan, J. Cryst.
Growth 184/185 315 (1989.

3IN. N. Ledentsov, I. L. Krestnikov, M. V. Maximov, S. V. Ivanov, S. L.
Sorokin, P. S. Kop’ev, Zh. |. Alferov, D. Bimberg, and C. M. Sotomayor
Torres, Appl. Phys. Lett69, 1343(1996.

32N. N. Ledentsov, D. Bimberg, V. M. Ustinov, M. V. Maximov, Zh. .
Alferov, V. P. Kalosha, and J. A. Lott, Semicond. Sci. Tech(®®98 (in
press; Proc. ICPS 24(Jerusalem, 1998

33|, L. Krestnikov, P. S. Kop'ev, Zh. I. Alferov, M. Straburg, N. N.
Ledentsov, A. Hoffmann, D. Bimberg, I. P. Soshnikov, and P. Werner,
Proc. ICPS 24(Jerusalem, 1998V. P. Kalosha, G. Ya. Slepyan, S. A.
Maksimenko, N. N. Ledentsov, I. L. Krestnikov, Zh. I. Alferov, and
D. Bimberg,Proc. ICPS 24(Jerusalem, 1998

343, W. Jun, T.-Y. Seong, J. H. Lee, and B. Lee, Appl. Phys. I68t3443
(1996.



950 Semiconductors 33 (9), September 1999 N. N. Ledentsov

35D, Bimberg, M. Grundmann, and N. N. Ledents@uyantum Dot Hetero-  37Zh. I. Alferov, in Proceedings of the Nobel Symposium(8€ld, Sweden,
structures(J. Wiley, 1998. 1996; Phys. Scr68, 32 (1996.

36Zh. 1. Alferov and R. F. Kazarinov, Double Heterostructure Laser, Au-
thors Certificate No 27448, Application No 950840 with a priority from This article was published in English in the original Russian journal. Repro-
March 30, 1963. duced here with stylistic changes by the Translation Editor.



SEMICONDUCTORS VOLUME 33, NUMBER 9 SEPTEMBER 1999

Quantum dots: Paradigm changes in semiconductor physics
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Deposition of one or a few monolayers of a semiconductor having a lattice constant largely
different from the underlying substrate leads to formation of coherent “quantum dot arrays” of
densities beyond 6cm™? in a matter of seconds. Self-organization effects govern their

massively parallel formation. Fundamental paradigms of semiconductor physics must be changed
in describing such quantum dots or their ensembles.1999 American Institute of
Physics[S1063-782809)00509-9

1. INTRODUCTION density in crystals plays a very important role in modern
t%olid—state devices allowing high absorption(iorthe case of
Ropulation inversionhigh gain, providing high conductivity
and making possible high density flows of charged carries
hrough the crystal. Accordingly, a modern semiconductor

Recent breakthroughs in solid state physics are related
the fast development of the new classes of structures—sel
organized quantum dot®QDs). These unique objects com-

bine advantages of a bulk semiconductor with those of singl . .
g g ser with length of 1 mm and cross section of fénn? can

atoms. Their physical properties resemble an atom in a cage.™ . . liaht with f | hil
It is possible to touch a semiconductor quantum dot with &£mit continuous light with power of several watts, while a

tip of a scanning tunneling microscope, inject charged carriporrzfﬂ?ndmg gf_\s laser ISI’I severalt.mett()erts long. ‘ K
ers and monitor emission from a single QD, and realize € same ime, small separation between aloms makes

many other unique experiments. Interaction of carriers id_nteractmn of their electron levels unavoidable. This interac-

QDs is defined completely by the laws of quantum mechantion results in the formation of wide bands of allowed states,

ics and no “motion” of carriers is possible in a traditional N contrast with the discretés-function-like) energy spec-

sense. The main mechanism of the information transfer bdfum of single atoms. In semiconductors, the last filled band
tween QDs becomes single electron tunneling and Coulome allowed states is called “valence band” and the next

interaction of carriers in neighboring dots. These give rise t¢MPY band is called “conduction band.” Due to the broad
novel directions in microelectronics: single electronics andSPectrum of allowed states in these bands, a wide range of

quantum dot cellular automata computing. QDs allow Sig_transmon energies between electrons from the filled valence

nificant improvements of characteristics of many modern deP2nd to empty states in the conduction band is possible. The

vices: e.g., infrared detectors, light-emitting diodes, lasersaPsorption band is rather broad, on the order of several elec-

and solar cells. Since the publication of the first fron volts, in marked contrast with the sharp line absorption

experimentdi and theoretica papers on QDs, some funda- spectrum of a single atom. The excited electrons in the con-
mental understanding of their physical properties, theilduCtIon band and the empty states in the valence band

growth, and their device relevance has been obtaingd. (“holes”) can move in the crystal via tunneling between
sites of the crystal lattice. Since the atom potential profile in

a crystal is periodic, electrons and holes can move freely
through the crystal, as free carriers do in vacuum. However,
To understand the reasons for the unique properties dghe motion of charged carriers in crystals is described by a
QDs let us first refer to the electronic spectrum of a 3D solidmass different from that of free electrons, defined by the
It is well known that a single atom has discrete energy levelsrystal field. The carriers are therefore called “quasiparti-
separated by energy gaps, as shown in Fig. 1. When an atogtes.” In the widely used optoelectronic IlI-V materials
is excited, the electron goes to the higher energy level, anthallium arsenide—GaAs; indium arsenide—InAs, etthe
when it relaxes back to the ground state, a photon witleffective masses of the electrons are in the range of 0.01-0.1
strictly defined energy is emitted. The width of the emissionof the electron mass in vacuum.
or absorption line AE) is defined by the fundamental rela- Wide bands of allowed states in the crystal provide
tion with the lifetime of the electron in the upper state. Themany possibilities for the scattering of electrons and holes.
uncertainty in the emitted energy is Lattice vibrations easily stimulate transitions of charge car-
TAE=7 B riers in the energy range defined b_y the lattice _temperf_:lture
' and/or scatter their direction. The tails of the carrier distribu-
where 7 is the total lifetime of the electron in the excited tion near the bottom of the conduction band and the top of
state. the valence band increase markedly with temperature. Thus,
In contrast to the case of a diluted gas of atoms, théhe concentration of carriers per energy interval near the
atoms in crystals are strongly bound to each other. Their highand edge drops. For the same concentration of injected car-

2. ELECTRONIC SPECTRUM OF A QUANTUM DOT

1063-7826/99/33(9)/5/$15.00 951 © 1999 American Institute of Physics
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FIG. 1. Schematic representation of energy levels in a single atom, a bulk semiconductor and a quantum dot.

riers, broadening of their energy spectra, among other disadevels (about 100 meV for GaAs QD The latter value sig-

vantages, leads to a decrease in the maximum gain and ton#ficantly exceeds the thermal energy at room temperature

degradation of laser performance. (26 meV), and thus the population of excited states can be
The situation changes dramatically if the motion of theavoided. In this sense, there will be no temperature depen-

charged carrier in the crystal is limited to a very small vol- dence of the optical spectrum of such a box in a wide tem-

ume, e.g., a three-dimensional rectangular box. Localizatioperature range, and the realization of temperature-insensitive

of carriers can be provided by a surroundiilhgsh material.  devices is possible.

In the case of a laser, it is important that the host material

have a larger band gap than the box material and that the

potential wells are attractive for electrons and for holes3- SELF-ORGANIZED GROWTH OF QDs

Since an electron shows properties of both a particle and a  yntil recently, there were no ideas of how to realize QDs
wave if the size of the box is small, the electron energyyith size and uniformity required for applications and com-
spectrum is quantized similarly to the case of electron quanpatible with modern semiconductor technology. Traditional

tization in the attracting Coulomb potential of a nucleus. In amethods based on patterning of structures with ultrathin lay-
simplified case of infinite barriers at the box-host interface grs suffered either from insufficient lateral resolution or in-

the quantum-well energy is described by troduced heavy damage in the material upon processing.
52 [ on \2 There were also predictions that, even if ideal QDs could be
Ex,y,z:W(L ) , (2)  fabricated, they can be hardly used for real devices since

e X,y,z

ultralong relaxation times between electron sublevels were
where mg is the electron effective mas€,,, is the expected.
guantum-well energy due to electron localization in the box  The breakthrough how to fabricate QDs with required
with dimensionsL,, Ly, and L,, respectively, andn properties came by using an effect which is traditionally con-
=1,2,3,... sidered as undesirable by crystal growers. It was found that if
Electrons in crystals usually have rather small effectiveone deposits a layer of a material having a different lattice
mass, and an already large size of the box of about 10 nroonstant with the substrate, the growth of a strained material
can result in a large energy separation between electron sufirst proceeds in a planar mode, a “wetting” layer is formed.
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However, at some critical thickness this planar growth is L
followed by a Stranski-Krastanow mode. Three-dimensional
nanoscale islands are formed on surfaces, as was demon-
strated first for the case of growth of indium arsenide on
gallium arsenide in 1985 by a group at CNET, France.
When these islands are covered with GaAs, a GaAs “pie”
with InAs “raisins” is formed. Since InAs has a much
smaller band gap than GaAs, an array of InAs QDs is
formed. Initially this technique did not attract much attention
since dislocation-free QDs uniform in size and shape could
not be produced.

The driving force for the formation of three-dimensional ey
islands is related to elastic strain relaxation. The material on Photon energy, eV
top of the pyramid can relax elastically expanding in
vacuum, which gives rise to a significant energy advantage.
For 45° facet angle of the pyramid, 60% of the elastic energy
accumulated in the biaxially compressed flat layer is
relaxed®’ On the other hand, formation of pyramids results
in an increase of the total surface area. If formation of islands
results in an increase of the surface energy of the system, the
initially formed islands will undergo ripening since the sys-
tem will reduce the total surface area covered by QDs.

Quantum dots uniform in size and shape, stable with
respect to ripening, can be fabricated only if the total surface
energy of the island is smaller than the surface energy of the
corresponding area of the wetting layer occupied by it. If ON& . 2. Ultrasharp luminescence lines from single QDs at 2@)Kvhich do
takes into account that the major surface properties, €.9., Sufiet show broadening with temperature increése
face reconstruction, surface stress etc., are strongly affected
by the strain state of the crystal, one can conclude that they
can differ significantly for the strained wetting layer and the€lectron-hole emission in semiconductors, in complete agree-
facet of the relaxed pyramid. Numerical estimates of thement with theoretical predictions for electronic QBee Fig.
strain-induced renormalization of the surface energy, mad@)-
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by Shchukinet al,” indicate that “equilibrium,” equisized, A lot Of progress has bee_n made in the last few years,
and equishaped islands which do not undergo ripening, prognore than in decades of previous research. We have learned
ably can be formed. about QDs in different material systems, about the electron

Optimization of growth parameters to realize equilib- SPectrum in type-1l QDs, and about radiative recombination
rium arrays is a difficult task to be solved for each material@nd relaxation processes. Numerous teams contributed to the
system separatefyIf islands uniform in size and shape are development of this subject. Among them loffe Institute,
formed, one speaks of “self-organized quantum dots” sinceCNET, UCSB, USC, Stanford, Lund, Sheffield, and Notting-
this System represents a clear exa_mp|e of Spontaneous fd’ilam UniverSities, Max-Planck Institute in Stuttgart, and
mation of macroscopic order from initially random distribu- many other groups and institutions.
tions. In the case of dense arrays of QDs, their interaction via
the strained substrate makes their lateral ordering favofables. SINGLE ELECTRONICS
Growth on patterned surfaces can also lead ordered *QDs.

For multistack QD deposition vertically correlated growth of . . : :
QDs has been demonstratédhnd, thus, quasicrystals com- the charging of QDs and tgnnelmg of carriers through it. If
the ground state of a QDs is not occupied, external electrons

posed of quantum dots either in two or in all three dimen- . . .
sions can be fabricated. For islands having a two-2n tunnel to this level. If _the QD grounc_i state is occupied
Wlth one electron, an additional energy is necessary to put

dimensional shape, either correlated or anticorrelated growt . )
is possible, depending on the relative thickness of the spacé'ﬂ}rnmher electron in the QD because of the Coulomb repulsion
' with the existing electron. This “Coulomb blokade” regime

Single electronics is based on quantum effects related to

layer?? . . ; > :
y makes it possible to realize principally new logic and opera-
tional principles for new generations of microelectronic cir-
4. PROOF OF ELECTRONIC QUANTUM DOT cuits.

An important breakthrough in understanding the elec-6 OT MOLECULES o
tronic properties of semiconductor QDs occurred when it QUANTUM DOT MOLECULES. QUANTUM DOT
. . CELLULAR AUTOMATA
was demonstrated that ultranarrow luminescence lines from

single InAs QDs(Refs. 11 and 1Rexhibit no broadening If QDs are placed together forming a cell with well-
with temperaturé® a very unusual phenomenon for any defined symmetry and allowing “switching of carriers” be-
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FIG. 3. STM image of free-standing InAs QDs of @00 surface(a) and high-resolution transmission electron microscopy image of Si-covered coherent
InAs QDs in Si matrix(b).

tween two or more energetically equivalent positions in theabsorption/gain resonance, resulting in a strong photon
cell, and if these cells are combined in a network, a newenergy-dependent oscillatory variation of the refractive in-
concept for construction of integrated circuits appears. In thislex, which leads to resonant waveguiding without a
case it is not the current which carries the information, butheterostructuré®’

the polarization of the QD chain or the QD molecule. In No Fermi function describes the statistical properties of
principle, the operation of such a molecule can be madea QD ensemble like carrier distribution. Basic equations of
practically energy dissipation-free, and the informationmicrostates describe static and dynamic properties like gain,

propagates at the speed of electromagnetic witves. capture, recombination, ett.High-temperature stability of
the threshold current in a QD laser is demonstratein,
7. DATA STORAGE agreement with the theoretical predictions, and theoretical

understanding of the QD laser has been achié¥étHCom-

Ultrahigh area density of QDs and potentially very high petitive edg&~2*and surface-emittirfg lasers are created.

localization energy of carriers in QDs make it possible to
realize a new generation of memory devices. QDs can be

also made of magnetic materials or serve as an active me- .
dium in photon-memory devices. 10. NEW CHALLENGES IN HETEROEPITAXY: InAs

QUANTUM DOTS IN Si

8. FAR-INFRARED DETECTORS AND EMITTERS Another field, in which application of QDs can play an

Size quantization of carriers in all three dimensions re_extraordmary role, is related to silicon. Silicon, the major

sults in lifting of k-selection rules that prohibit intrasubband materla_l_ for ”_‘O_de”‘ microelectronics, provides Very low
absorption in quantum wellQWs) for the light propagating p_ropabﬂny for injected electrons.and holes to repombm_e ra-
perpendicular to the surface of the wafer. This makes Q |at!vely, qn_d cann.ot be .used In lasers and light-emitting
far-infrared detectors advantageous with respect to thos evices. Ifitis possible to insert narrow-gap Q@sy., made

based on QWs. Reduction of the depopulation rate of upp (omb!nA§), W.hiCh hr?ve a highh prcl)bability of dra:izlﬂive r”eb
subleveld® in view of the necessity of multiphonon emission combination, in such a way that electrons and holes will be

to fit the intrasublevel energy in properly designed QDs re_trapped in the QDs, a silicon-based device with extremely

sults in much better probability of attaining population inver- eff_luent radlatl_v_e recombination can be created. The POSSI-
sion for intrasublevel transitions in QDs. bility of depositing such InAs quantum dots on Si surface

was recently demonstraté.
A scanning tunneling microscopy image of free-standing
INAs QDs on a silicon(100 surface and a high-resolution
Electron and hole overlap is close to unity in a QD. Thetransmission electron microscopy image of silicon-
lifting of the k-selection rule for radiative annihilation of overgrown InAs QDs are shown in Fig. 3a and 3b, respec-
excitons and the lack of screening of Coulomb interactiortively. Coherent InAs QDs in a silicon host demonstrate
between electrons and holes results in ultrahigh material gaibroad photoluminescence band peaking at/n8at a tem-
in a QD. The material gain is also inversely proportional toperature 77 K and at 1.am at a temperature 300 K.
the QD volume, and dense arrays of very small QDs can New generations of photonic and electronic devices
result in maximum gain on the order of l@m 1. Such a based on quantum dots, which are revolutionizing semicon-
high gain affects the refractive index in the vicinity of the ductor technology and industry, are emerging presently.

9. LIGHT EMITTERS
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The modulation of electron and polar optical phonon states in an AIGaAs/GaAs/AlGaAs
guantum well(QW) with an inserted thin AlAs barrier is considered. The OW width dependence
of electron—phonon scattering rates are estimated. The large contribution to the change of

the electron subband population, the photovoltaic effect, and the electron mobility in the QW
accounts for the resonant intersubband scattering of electrons by interface phonons. The
decrease of electron mobility limited by polar optical phonon scattering with increasing carrier
concentration in the QW is established. The conditions for the increase of mobility in the

QW by inserting the AlAs barrier are found. @999 American Institute of Physics.
[S1063-782629)00609-2

INTRODUCTION 4mm e
We(ki Es)=2 2 X —5—|G,(2)Fq,
The confinement of electrons and phonons in semicon- vtk
ductor quantum well§QW'’s) improves their electrical and
optical properties with respect to bulk materials. Semicon-
ductor QW structures have received considerable attention
because of their potential for use in lasers operating in the
infrared region;™ for nonlinear optical elements, and for G"(Z)zﬁ ¢e1(2) pea(2) 9q,(2)d2, 2
infrared photoelectric detectotsThe enhancement of elec- ¢
tron mobility in QW’s has attracted increasing attention bywherez is the quantization directiori, . is the area where
many authors: 14 electron wave functiopg;# 0, m, € k;, Eg;, andgp,; are the

In this paper we consider the role of modulation of elec-€/ectron mass, charge, wave vector, subband energy, and
tron and polar opticalPO) phonon states in AlGaAs/GaAs/ Normalized wave function, respectivelypq,(2) is the
AlGaAs QW's in the change of electron mobility, photoex- Z-¢omponent of the-mode phonon potential functioh,, is
cited electron subband population and photovoltaic effecttn® number ofi-mode phonons, and
The conditions for electron mobility enhancement and for
inversion of photoexcited electron subband population are ,Bizﬁg(Esf— Esittho,). 3
determined. The case of AlGaAs/GaAs/AlGaAs structure

with and without an inserted AlAs barrier is considered The upper(plus sign is for phonon emission and the lower
(Fig. 1. (minus one is for phonon absorption.

This paper is organized as follows. In Sec. 1 the pecu- In the dielectric continuum approach the square of pho-
liarities of electron—phonon scattering rate in QW’s arenon normalization coefficient can by written*as
considered. The dependences of photoexcited electron sub-
band population and photovoltaic effect on intersubband
scattering rates are determined in Secs. 2 and 3. The contri-

X

1 1 5 2
Ngy+ 5 5| o(ki—ki+B=), (1)

. . . AL As
bution of intra- and intersubband electron-PO-phonon scat- U \[-. —
tering to the electron mobility in the QW is calculated in 0 | :
Sec. 4. GaAs : l GaAs

AlLGaAs o ALGaAs
|
1. ELECTRON-PO-PHONON SCATTERING RATE IN A _dJ 1"_
QUANTUM WELL e, e, : : ¢, e,
. . " !

According to the Fermi golden rule, the transition fre- L

guency of electrons, which are confined in the QW, from the 0 Ly L

initial statek; , Eg; .to any final s_tatekf, Es¢ in all f electron FIG. 1. Schematic view of an AlGa, AS/GaAS/AL Ga, As QW struc-
subbands by emissiotabsorption of all »-modes of PO e | is the Qw width,L,, is the position of a thin AlAs barrier with the

phonons can be written as thicknessd. U,=0.3 eV is the heterojunction potential.

1063-7826/99/33(9)/5/$15.00 956 © 1999 American Institute of Physics
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dey de+d82 ffd
AL BRI

whereSis the in-plane of the normalization ares, ande,
are the dielectric functions, and

-1

: (4)

h

FqV:§

d‘qu 2

|2
dz

f,= qgv| Pqul =t

whereqq, is the wave vector of emitte@hbsorbegl -mode
phonon in the plane of QW:

s, =k2+k?—2kik cosé,

] ] i
15 20 25 30 35 40
L,nm

k=K + B, (5)

where 6 is the angle between the initial wave vectgrand
the final onek;. The subscripts 1 and 2 correspond to the _ ) _
FIG. 2. The QW width dependence of the intersubband scattering\Ates

QW and barrier regions, respectively. betweeni- andf-subbands for electrons with kinetic enerfgy=6.6 meV.
The electron wave functions are obtained by solving the

Schralinger equation for the QW under consideration. The
phonon potentials are obtained by solving the Laplace equa-

tion using dielectric continuum approach. The phonon poten- 27 , dé

tials in the AlGaAs/GaAs/AlGaAs QW with a thin AlAs bar- Wi, =Fit, f |Gg.(2)] T (12

rier can be divided into three separate branches: interface

phonons localized at the AlAs barrier with the potentig], where

interface phonons Iocalized at the AlGaAs/GaAs heterojunc-

tion with the potentiakpg”, and confined phonons with the Ggu(2)= fL Pei@er@g,dZ (13
e

potentlalqo
Using Eq (1) and the calculated expressions for the elec-  The frequency of the confined phonons is equal to the
tron wave function and phonon potentials, we can obtain théongitudinal PO phonon frequency in a bulk Ga#sv,
electron—phonon scattering rates by various phonorF36.2meV. The frequencies of the heterojunction interface
branches. For the confined electron scattering rate by compphonons atjL>2 arefw,=33.1, 35.4, and 45.9 meV. The

fined phonons

o0

- 2 (2= do
C™_E=x 22
Wif FC nZl |GC(Z)| L fo (q +q ) (6)
with
Fro me? I LY I ,
Tl R R T R P LR
. T
GC(Z):JL PeiperSiN(Q2)dz, Q=N (8)

wherer wg is the energy of a bulk longitudinal phonasy,,

frequencies of the interface phonons at the AlAs barrier at
gd<1, (whered is the barrier thicknessareiw,=36.2 and
50.1 meV.

The electron—phonon scattering rates depend signifi-
cantly on a QW width. The main peculiarity of this depen-
dence is a very sharp change of the intersubband scattering
rate at the QW width at which the electron intersubband
energy is equal to the phonon energy. In this case the emitted
(absorbefphonon wave vectog,— 0 [see Eq(5)] and the
scattering rates proportional tp, Yincrease sharply. Figure
2 shows the QW width dependence of the intersubband scat-
tering rate(which includes scattering by all phonon moyes

ande (5 are the high-frequency and static dielectric constants,

respectively, and. is the QW width.

2. PHOTOEXCITED ELECTRON SUBBAND POPULATION IN

For the confined electron scattering by the heterojunca quanTum WELL

tion »-mode interface phonon atL>2

HI® _ = 2m , do
WIfV _FrFV |GHJV(Z)| ’ (9)
0 2q0V
where
Er me? N +1+1 5 deq +d82 -1 10
=23\ Nt 352 | Y| | 0 (20
GHJv(Z):fL CeiPer@y,dZ. (1D

Let us calculate the intersubband distribution of elec-
trons photoexcited from the valence band to the third sub-
band of the conduction band. The balance equations for non-
equilibrium photoelectron subband population in three
subband levels are

aglg—Wainz—Waong+Wi3ng +Wogn, = Woghs=l 3,

asl g+ Waonz—Woiny —Wosn, +Woh = Wpno=1 ,,

Wiy —Wyng =Wyn =14,

all g+ W31n3+ W21n2_
(14)

For the confined electron scattering by the barrierwherea;l is the flow of photoexcited electrons down to the

v-mode interface phonons gL>2, qd<1

bottom of thei-subband, which is proportional to the inten-
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FIG. 3. The well width dependence of PL pediscorresponding to the  FIG. 4. The dependence of electron wave function squaged? on the
subbands in the Aly :Gay ;As/GaAs/A} :Ga As quantum well. coordinatez across the QW in the three lower subbafti®,3 in a GaAs
QW of width L=20 nm with 1-nm AlAs barrier inserted &t,=7.5 nm.

sity 14 of photoluminescencé€PL) excitation source and to
the probabilityo;~{[1—f(E)]) that the subband’s bottom

. . The photovoltaic potential arises across the asymmetric
electron state is not occupied,

coupled QW when the electrons are photoexcited from the
Wi =(Wi(E)[1-f(ExAw)]) (15  first subband to the second subband due to different electron

is the intersubband transition rat&/; is the exciton forma- charge deformations in these subbands

tion rate(we assume that the radiative transitions through the e Lo | [z 2 2

electron-hole exciton states are dominaandl; are the PL vazs_ An . . (leer(2) "= l@ea(z')|*)dZ’ |dz.
. . . . . 1 1

peak intensities which are proportional itsubband photo- (17)

excited electron population. The brackétsmeans the aver-

L,—L, is the area, whergpg|>+0.
The calculated photovoltaic voltage for the case where
_ the AlAs barrier is inserted in the QW &i,=7.5nm, and
(A)= f Af(E)dE/ f f(B)dE, (16 where electrons with the concentratiam=8x 10"*m~2 are
photoexcited from the first subband to the second one, is
equal to 2.2 mV. The photovoltaic effect in asymmetric
ly3=1 anda;+ apt+ az=1. coupled QW'’s can be used for the detection of infrared ra-

Figure 3 shows the calculated QW width dependence 0fi_iation. The photovoltaic response to the radiation which ex-
PL peak intensity in the AlLGa,-AS/GaAs/Al Ga As C|tes_ the electrons from the first QW subband to the second
structure. We see that at £1.< 26 nm the inversion of pho- 9M€ 1S
toexcited electron population in the second and first sub- Vo, e W,
bands tgkes place. At thesg QW widths the subband energy “p = o Wiy(War+ Wap)hvpg
separation between the third and the second subbands is
larger than the confined and interface phonon energies, and La | (2 , , ,
between the second and the first subbands is less than these X JLl “Ll(|‘Pe1(Z 2=l ¢ea(z')|?)dZ’ |dz,
energies. As a resulV;,>W,;. These are the main criteria
for achieving the population inversion in the QW. The inver- (18)
sion in PL peak intensitiesl{>1,) has been observed whereP andhv,;are the power and the energy of the optical
experimentally-® excitation signal. This signal is proportional to tMi!z_ll

which can be large wheBg,— Eq;<fiwg.

age value:

wheref(E) is the Fermi-Dirac distribution function. We nor-
malize the PL peak intensitie$; +1,+1;=1, and assume

3. ELECTRON IN ASYMMETRIC COUPLED QUANTUM
WELLS. PHOTOVOLTAIC EFFECT

) . ) o 4. ELECTRON MOBILITY IN THE QUANTUM WELL
The insertion of a thin AlAs barrier into the GaAs quan-

tum well (QW) deforms the electron wave functian,. Fig- Let us estimate the contribution of PO phonon confine-
ure 4 shows the variation df,|? across the QW of width ment in the QW to the electron mobility in the
L=20nm for the three lower electron subbands when the\l Ga ;As/GaAs/AL Ga -As QW with and without the
barrier is inserted. We see that the distribution of the electroimserted thin AlAs barrier. The electron mobility limited by
charge across the QW in the subbands is nonsymmetric. THeO phonon scattering we shall estimate in the relaxation time
deformation of the electron wave function causes the voltagepproximation. The relaxation timg of the perturbed elec-
across the QW to appear. tron statek; to the equilibrium staté; (Ref. 16
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! 601
n(ki):sz {Wi[ 1= f (ko) T+ Wiif (kp)}
1—f(ky)
=2 Wi ok, (19

50
is involved as momentum relaxation time. Hdig) is the Y
Fermi-Dirac distribution function, an@;; is the probability

of electron transition from the stafeto the statef. In the

parabolic subbands we have the following expression for 49

electrons with energ¥ in the subband: o
N

1 4 1—f(EIth) ~ T=77K
(S IR M v SN

Jor
wherev andf are the numbers of phonon mode and electron 3_
subband, respectively. The uppglus-minug sign is for
phonon emission and lower one is for phonon absorption.
The Wj;, is determined for each phonon mode by Eg).

The mobility of the subbandelectrons is

e/ 1 \7*t
wenlne) o

The average mobility in the QW is

p=2 min;Ing, (22)
|
0 i i 1 1 | i
where 10 15 20 25 3o J5 40
L, nm
n;= Df f(E)dE (23 FIG. 5. The electron mobility as a function of QW widthat T=77 K for
B ns=10"m™2 (upper curves and for ng=10**m=2 (lower curve$. The

i inn i ; _ 2 thick and thin solid lines correspond to electron—phonon scattering in the
is the electron concentration in the subban® =m/@#*, QW with and without the inserted barrier, respectively. The dashed lines

andno=23;n; . correspond to the electron scattering by confined phonons only in the QW
It is known that the relaxation time approximation gives without the barrier.
only crude estimation of the mobility limited by PO phonon
scattering, but this approximation is expected to be sufficient
for the purpose in which we are interested: The relative difwidth L [see Eq(6)]. The second one is the decrease of the
ference between the mobilities in QW’s with different widths electron mobility at QW widths when the intersubband scat-
and the relative contribution to electron mobility of various tering by absorption of the confined phonon from the lower
electron scattering mechanisms by various phonon modes.subband to the second subbafa L=16 nm and to the
Note that the values of the mobility calculated in the third subbandat L=30nm becomes energetically possible
relaxation time approximation in bulk GaAs[u (AEj;i<fhwg).
=50nf/(V-s) at T=77K and u=0.65nf/(V-s) at T At low electron concentratiomg=10*m~2) the mobil-
=293K] are close to the experimentally observed values. ity in the QW of widthL=10-15nm,L=20-30nm, and
Figure 5 shows the calculated well width dependences of >35nm is slightly larger than in a bulk material. The in-
the Fig. 5 electron mobility in the AlGaAs/GaAs/AlGaAs crease of electron concentrationgE 101°m~2) in the QW
QW. The dependences are characterized by the superpositidecreases drastically the electron mobility which is limited
of the two types of minima: the smootfsawtooth-like¢ by PO phonon scatteringee Fig. 5. The rise of the electron
minima and the sharp minima. The sharp minima correspondnergy in the lower subband due to the electron degeneration
to the resonant increase of electron scattering rates by thie responsible for the strong enhancement of the intersub-
interface phonons when the subband energy separation mnd scattering rate by the confined phonons, and, conse-
equal to the heterojunction interface phonon energies. Thigquently, for the decrease of the electron mobility.
situation takes place at=14 and 16—17 nm. Disregard of We see that the confinement of electrons and phonons in
scattering by the interface phonons with allowance for onlythe AlGaAs/GaAs/AlGaAs HEMT channels does not en-
confined phonon scattering shows that the smésdiwvtooth-  hance the electron mobility limited by PO phonon scattering.
like) dependences are determined by two competing effectdloreover, the increase of the carrier concentration in the
The first effect is the reduction in the strength of thechannel decreases significantly the electron mobility. Note
electron-confined phonon interaction, which lead to the mothat mobility measured experimentally in the AlGaAs/GaAs/
bility enhancement in proportion to the increase of the QWAIGaAs QW's is lower than in a bulk GaAs. In the QW of
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width L=15-20nm atT=80K u=4n?(V-s) at ng place is responsible for the large decrease of electron mobil-
=10*m~2, (Ref. 7, and u=6 M?(V-9) at ng=10%m2 ity in the lower subbands. This decrease can be partly com-
(Ref. 6. These experimental data are close to the calculategensated for inserting a thin AlAs barrier into the GaAs QW.
mobilities (see Fig. 5. This mobility decrease can be com- The insertion of a thin barrier into the QW deforms the
pensated for by inserting a thin AlAs barrier into the QW, electron wave function differently in various subbands, and
which is transparent to electrons but reflects PO phononghe photovoltaic effect occurs when the intersubband elec-
We call this barrier a phonon wali. tron photoexcitation takes place.

The insertion of the barrier into the center of the QW
changes the electron subband energy spectra. The subband
energies are grouped into pairs with increasing separatiorfF"mail: pozela@uj.pfi.lt
energy between the pairs. This separation energy is compa——
rable with the phonon energy only a=30 nm. As a result,
the .s.harp resonant peaks'(.)f the. mOblllty cﬁsappear and th@F. H. Julien, A. Sa’ar, J. Wang, and J.-P. Leburton, Electron. B&t838
positions of the wide mobility minimum shift to large QW (1995,
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crease of the mobility is obgervgd in the case of high electronsjp- FE:ISSt iﬂ(é aJ gsisgebAg?J-cgth-slﬁtz{ i (1L99HQU.tchinson N
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The present status of superhigh-efficiency tandem solar cells has been reviewed and the key
issues for realizing superhigh-efficiency have been discussed. The mechanical, stacked, three-
junction cells of monolithically grown InGaP/GaAs two-junction cells and InGaAs cells

have reached the highest efficien@ttainable in Japarof 33.3% at 1-sun AM 1.5. Future

prospects for realizing superhigh-efficiency and low-cost tandem solar cells are discussed.
© 1999 American Institute of Physids$1063-782809)00709-7

1. INTRODUCTION p-InGaP base layer grown by MOCVD and surface recom-
Substantial increase in conversion efficierefficiency bination rate(S). The lowest surface recombination rate was

values over 309%can be realized by multijunctiofiandemy ~ ©Ptained by introducing an AlinP window layer and the
solar cells due to their wide-band photoresponse in comparfighest minority carrier lifetime was obtained by introducing
son with single-junction cells. Tandem solar cells have beef Puffer layer and optimizing the growth temperature. The
studied since 196(Ref. 1. Although AlGaAs/GaAs tandem best conversion efficiency of the InGaP single-junction cell
cells, including tunnel junctions and metal connectors, werdV@s 18.5%. Another important goal for realizing high-
developed in the early years, high-efficiency values close t&'iciency monolithic-cascade-type tandem cells is achieve-
20% were not obtainetlbecause of difficulties in making ment by_establlshlng optically and electrically low-loss inter-
stable, high-performance tunnel junctions, and because of tfPNnection of two or more cells. A degenerately doped
defects associated with oxygen in AlGahé double het- tunnel junction is attractive because it only involves one ex-
erostructurgDH structurg tunnel junction was found to be & Step in the growth process. To minimize optical absorp-
useful for preventing diffusion from the tunnel junction and tion, formation of thin and wide-bandgap tunnel junctions is
improving the tunnel junction performanéénGaP as a ma- Necessary, as shown in Flg. 2.. Howeve_r,.the formation of a
terial for the top cell was proposed by NREIAS a result of wide-bandgap tunnel Juqctlon is very difficult, be.cause' the
performance improvements in the tunnel junction and the toffNNe! peak current density) decreases exponentially with
cell, over 30% efficiency has been obtained with InGap/ncreasing bandgap energi). _

GaAs tandem cell8.InGaP/GaAs two-junction solar cells In addition, impurity diffusion from a highly doped tun-
have recently drawn increased attention for space applicd®! junction during overgrowth of the top cell increases the
tions, because of the possibility of high conversion efficiency €SiStivity oOf the tunnel junction. A DH structure was found
(over 30%. In fact, the first commercial satellitéHS to be useful for preventing diffusichMore recently, an

601HP with a two-junction GalnP/GaAs on Ge solar arraysInGaP tunnel junction has been tried for the first time for an
was launched in August 199Ref. 7). InGaP/GaAs tandem céllAs p-type andn-type dopants, Zn

In this paper we review the present status and futurénd Si, respectively, were used. Peak tunneling current of the

prospects of superhigh-efficiency tandem solar cells and didnGaP tunnel junction is found to increase from S to 300
cuss the key issues for realizing superhigh efficiency. mA/cn? by making the DH structure with the AlnP barriers.

Furthermore, higher tunneling current up to 2 Afciias
been obtained by increasing the doping density in the junc-
tion. Therefore, the InGaP tunnel junction was found to be
very effective for high tunneling current, and DH structure
Key issues for realizing high-efficiency tandem cells are
discussed on the basis of our results.
Selection of top cell materials is also important for high-
efficiency tandem cells. As a top cell material lattice- TABLE I. Comparison of top cell materianGaP and AlGaAs
matched to GaAs or Ge substrates, InGaP has some advan

2. KEY ISSUES FOR REALIZING HIGH-EFFICIENCY TANDEM
CELLS

tages such as lower interface recombination rate, minofe™s InGaP AlGaAs

oxygen problem, and good window layer material comparednterface recombination rate ~ <5x10° cm/s 10*~10 cm/s

to AlGaAs, as shown in Table I. Oxygen-related defects Minor problem Major problem
The top cell characteristics depend on the minority car-Vé'”dOW layer (ZAE"'”’\’/) ('g'lGa\A/)S

- - : - (= 5e le

rier I|fet|me in the top_ cell Igyers. Figure 1 shows changes NS der problems High doping Lower efficiency

photoluminescence intensityl () of the solar cell active in p-AlnP (2.6% down

layer as a function of minority carrier lifetimér) of the

1063-7826/99/33(9)/4/$15.00 961 © 1999 American Institute of Physics
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FIG. 1. Changes in photoluminescence intendify) of the solar cell active FIG_' 3. Spectra_l response of the InGaP/GaAs tandem cells which depend on
layer as a function of the minority carrier lifetin{e) of the p-InGaP base their tunnel junction structgres:_1—AIInP/InGaP, 2—AlInP/GaAs,

layer and surface recombination rd®. Values of the growth temperature > INGaP/GaAs. All the tunnel junctions have DH structure.

and the surface recombination rate are shown.

) o DH structure effect on suppression of impurity diffusion
was also found to be useful for preventing diffusion, as Wagom the tunnel junction has been examined. Figure 4 shows
indicated else\_/vhet_”e. _ _ _ formation and migration enthalpy of group lll-vacancies ver-
~ The impurity diffusion from a highly doped tunnel junc- g5 hond-gap energy of the materials. Effective suppression
tion also degrades the top cell performance. The dependengg 7, diffusion from tunnel junction by the InGaP tunnel

of the tandem cell characteristics on the tunnel junction,nction with the AlinP DH structures is thought to be attrib-
structure, such as InGaP/GaAs, AlInP/GaAs, and AlInPlyanie to the lower diffusion coefficient for Zn in the wider

InGaP DH structures, has been compared by using spectrghnqgap energy materials such as the AllnP barrier layer and
responses of the tandem cells, as shown in Fig. 3. The UPP§iGapP tunnel junction layer.

barrier layer of the tunnel junction also takes the part of the

back surface fieldBSF of the top cell. A large reduction in
guantum efficiency at wavelengths between 500 and 650
nm due to the diffusion of Zn during epitaxial growth has
been observed in a InGaP/GaAs tunnel junction. On the Figure 5 shows a schematic cross section of the high-
other hand, an increase in the quantum efficiency of the botefficiency InGaP/GaAs two-junction cell. The InGaP/GaAs
tom GaAs cell due to the elimination of absorption losses ircell layers were grown on a GaAs substrate by the MOCVD
the GaAs tunnel junction has been confirmed in the cell withmethod. The top and bottom cells were connected by a
an InGaP tunnel junction. In the case of AllnP/InGaAs DHInGaP tunnel junction. Figure 6 shows the light current—
structures tunnel junction, the AlinP upper barrier layer ofvoltage (-V) characteristic of the high-efficiency InGaP/
the tunnel junction was found not only to suppress the Zn
diffusion, but also to produce the effective BSF due to the
band discontinuity with InGaP.

3. SUPERHIGH-EFFICIENCY TANDEM CELLS
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FIG. 2. Calculated tunnel peak current densily) (and short-circuit current  FIG. 4. Changes in formation and migration energies of Ill-group element
density of GaAs bottom cellJ) as a function of bandgap energk ) of vacancies as a function of band-gap energy of the Ill-V compound
the tunnel junction. materials.
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FIG. 6. Light current—voltage and power—voltage curves of the high-

FIG. 5. A schematic cross section of the high-efficiency InGaP/GaAs two-efficiency InGaP/GaAs tandem cell measured at the Japan Quality Assur-
junction cell. ance Organization: cell area 4 §nAM 1.5, 100 mW/cr, 25.3 °C, short-

circuit currentl ;.= 56.88 mA, open-circuit voltag¥,.=2.488 V, fill-factor
FF=85.6%, efficiency 30.3%.

GaAs tandem cell. The high efficiency was realized by

introducing DH structures in the InGaP top cell, InGaP tun-

nel junction, and GaAs bottom cell. ciency of 33.3%(Ref. 8 at 1-sun AM 1.5 in the joint work
More recently, monolithically grown 83-cn? InGaP/ by Japan Energy Co. and Sumitomo Electric Co.

GaAs two-junction solar cells with 1-sun AM 1.5 efficiency ~ Table Il summarizes the research activities of IlI-V

of 30.6% have been successfully fabricated by improvingcompound solar cells in Japan.

InGaP top cell and GaAs bottom cell properties as a result of

improvement of the epitaxial growth and introduction of the

C-doped AlGaAs/Si-doped InGaP heterostructure tunne} rtyre PROSPECTS FOR OBTAINING 40% EFFICIENCY

junction with AlinP barrier by Japan Energy Co. This value

is the highest ever reported for the two-junction cells under  Some effort has been made to put this type of cells into

1-sun illumination. The mechanically stacked three-junctioncommercial production for space applications based on the

cells of monolithically grown InGaP/GaAs two-junction multijunction solar cell manufacturing technology program.

cells and InGaAs bottom cells have reached highest effitn fact, the first commercial satellite with two-junction

TABLE Il. Summary of research activities on the Ill-V compound solar cells in Japan.

Solar cells Area, cf AM Efficiency,% Organization Year
GaAs bulk 0.25 AM 1.5 25.4 Hitachi Cable 1996
Bulk 4 AM 0 22.5 Mitsubishi Electric 1987
InP bulk 0.25 AM 1.5 21.4 NTT 1986
Thin-film GaAs on Ge 1 AM 1.5 23.2 Hitachi Cable 1996
GaAs on Si 1 AM 1.5 20.0 NTT 1989
InGaP/GaAs 2-junction 4 AM 1.5 30.3 Japan Energy 1996
9 AM 1.5 30.6 Japan Energy 1998
4 AM 0 26.9 Japan Energy 1997
Toyota Tech. Inst.
Tandem AlGaAs/GaAs 2-junction 0.25 AM 1.5 20.2 NTT 1987
1 AM 1.5 28.8 Hitachi Cable 1996
GaAs/InGaAs 1 AM 1.5 28.8 Sumitomo Electric 1996
Mechanically stacked
AlGaAs/Si 2-junction 0.25 AM 0 2172 Nagoya Inst. Tech. 1996
InGaP/GaAs/InGaAs 1 AM 1.5 33.3 Japan Energy 1997
MS 3-junction Sumitomo Electric
Concentrator InGaP/GaAs 2-junction 1 AM 1.5 31.2 Toyota Tech. Inst. 1998
tandem (X5.1) Japan Energy

* Active-area efficiency.
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551 potential for realizing high-efficiencywith efficiency more
than 35% and low-cost cells if the dislocation density can be
reduced to less than510° cm™2 and if the grain size can be
increased to more than 0.1 ofRef. 10.

501

=
P2
T

Theoretical

values 5. SUMMARY

Realistically The present status of superhigh-efficiency tandem solar
expected cells was reviewed. InGaP/GaAs tandem solar cells with
o values newly recorded efficiency of 30.6% at AM 1(%-sun were
obtained by improvements in InGaP top cells and AlGaAs/
InGaP DH structure tunnel junctions with AllnP barriers.
The mechanical stacked three-junction cells of monolithi-

[e)

AM 1.5 efficiency , %o
3
I

° Ezperimental

25% values cally grown InGaP/GaAs two-junction cells and InGaAs
cells reached the highest efficien@chievable in Japarof
20 L | ! ! ! ! ! 33.3% at 1-sun AM 1.5.
7 17 z 2 3 3 4 4 Key technologies and basic physics for realizing

Number of junctions superhigh-efficiency and low-cost multijunction solar cells

FIG. 7. Theoretical and realistically expected conversion efficiencies ofVEre also discussed.
single-junction and multijunction solar cells in comparison with experimen-

tally realized efficienciesC indicates concentration. This work was supported in part by the New Energy and

Industrial Technology Development Organization as part of
the New Sunshine Program under Ministry of International
GalnP/GaAs on Ge solar arrays was launched in Augusftrade and Industry. It was also supported in part by the
1997 (Ref. 7). Therefore, tandem solar cells will be widely Ministry of Education as a Private University High-
used in space. Technology Research Center Program.
In order to apply superhigh-efficiency cells widely, it is
necessary to improve their conversion efficiency and reduc&e-mail: masafumi@toyota-ti.ac.jp
their cost. Figure 7 shows theoretical and realistically ex-
pected conversion efficiencies of single-junction and multi-
junction solar cells in comparison with experimentally real- *M. Wolf, Proc. IRE48, 1246(1960.
ized efficiencies. Therefore, concentrator three-junction and é T(- %Utgf[‘gyv R. sj.s"“gi';“';isg’ﬁgg 53] M. Bed&hotovoltaics edited by
four—!unctlo_n_solar cells ha\ge great potenulal for_ real|zmg_su-3K_ Ando, C. Amano, H. Sugiura, M. Yamaguchi, and A. Salates, Jpn. J.
perhlgh efficiency over 40%. As a three—junctl_on com_blna— Appl. Phys.26, L266 (1987).
tion, GalnP/GaAs/Ge cell on Ge substrate will be widely “C. Amano, H. Sugiura, A. Yamamoto, and M. Yamaguchi, Appl. Phys.
used because this system has been already developed. Tp';tl-:et'\t/-l 5c1)'|1998é19§7)k o and K E. Kibbler. Anol. Phys. Leb. 623
four-junction combination of the AlGalnFEG=2.0eV) top (1494 Son, . . Kunz, and K. £. Kibbler. Appl. Fhys. b,
cell, the GaAs second-layer cell, the third-layer cell made oféT, Takamoto, E. Ikeda, H. Kurita, M. Ohmori, and M. Yamaguchi, Jpn. J.
a material with 1.05-eV bandgap, for example, GalnAsP or_Appl. Phys.36, 6215(1997.
GalnAsN, and the Ge bottom cell is lattice-matched to Ge M- R- Brown, L. J. Goldhammer, G. S. Goodelle, C. U. Lortz, J. N.
bstrates and has theoretical 1-sun AM O efficiency of about oo™ - S: Powe, J. A Schwartz, B. T. Cavicchi, M. S. Gillanders, and
su . ) y D. D. Krut, in Proceedings of the 26th IEEE Photovoltaic Specialists
42%. This system also has a potential of over 45% under conferenceIEEE, N.Y., 1997 p. 805.
500-suns AM 1.5 condition. Although this system is ideal for °T. Takamoto, E. lkeda, T. Agui, H. Kurita, T. Tanabe, S. Tanaka, H.
; ; i A ; e Matsubara, Y. Mine, S. Takagishi, and M. YamaguchiPimoceedings of
maximum .theorenc.al efficiency, t.he SeleCtlon.Of thqu layer the 26th IEEE Photovoltaic Specialists ConfereleEE, N.Y., 1997,
cell materials and improvement in the material quality are , 3431,
problems to overcome. °D. N. Keener, D. C. Marvin, D. J. Brinker, H. B. Curtis, and P. M. Price,
The use of three-junction cells on Si or metal substrates in Proceedings of the 26th IEEE Photovoltaic Specialists Conference
- o (IEEE, N.Y., 1997 p. 787.
is a way of_reall_zmg low cost. One of future targets must bemM. Yamaguchi and C. Amano, J. Appl. Phys8, 3601 (1985.
also three-junction cells on metal substrates. Concentrator
thin-film mUltijunCtion_ solar cells fabri?ated on _inEXpenSive This article was published in English in the original Russian journal. Repro-
substrates such as Si and polycrystalline materials have greditced here with stylistic changes by the Translation Editor.
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The characteristics of 11—V nitride semiconductor epitaxial layers grown by metalorganic

chemical vapor deposition are of interest for the realization of many technologically important
devices. This paper will review heteroepitaxial growth(0001) sapphire substrates as

well as the selective-area and subsequent lateral epitaxial overgrowth on masked substrate surfaces.
© 1999 American Institute of PhysidsS1063-782809)00809-1

1. INTRODUCTION TO SEMICONDUCTING NITRIDES taxial layers was reduced by using the AIN buffer layer and
proposed a model in which the initial deposition results in
mall AIN crystallites that combine to form an amorphous
ayer. As GaN is deposited on this amorphous buffer layer,
three-dimensional islands begin to form, but eventually coa-
lesce to form a smooth, continuous layer. The coalescence is
enhanced by a reduction of the interfacial free energy be-

tial for many different optoelectronic and electronic devices.Ween GaN and AIN. The highly defective buffer layer

Already, extensive work has been carried out on visible light€nded to “absorb™ a large fraction of the strain and reduced
emitting diodesLED’s), 2% injection laser diode4.D's),~ the number of dislocations extending to the surface of the

UV photodetectord®! and field-effect transistoré. epitaxial layer grown on top of it. Deposition without the

Compound semiconductors in the nitride material systenpuffer layer results in large three dimensional islands which
can be grown in both the cubizinc blend¢ and hexagonal eventually join and form heavily boundary regions through-

(wurtzite) crystalline forms, although the wurtzite form is the OUt the layer. _

preferred metastable state of InAlGaN alloys. The source of Nakamura adapted this process to a two-step growth
many of the problems associated with the growth of high-e€chnique that does not require the use of AIN. Using
quality nitride films is the lack of a lattice-matched substrate 2tmospheric-pressure MOCVD, he was able to obtain the
While commercially viable substrates such as cubic Si ang@me beneficial effects of an AN buffer layer by using GaN

GaAs have been used with limited success, the substrates Giv-temperature layer. In fact, with 20-nm GaN buffer layer,

choice have been hexagomaplane(0001) sapphire (AJOs) he achieved h|ghe_r electron mobilities, lower background
and the hexagonal form of silicon carbideH6SiC). Re- electron concentrations, and lower x-ray FWHM values than
cently, alternative approaches to heteroepitaxial growth usior GaN grown on an AIN buffer I.ayér..

ing selective-area growth have been developed for high- All of the materials discussed in this work were grown at

quality nitride films. We will review recent progress in this the University of Texas at Austin by metalorganic chemical
field. vapor deposition in the EMCORE D125 vertical geometry,

rotating disk MOCVD reactor. The system is capable of us-
ing six hydride sources for group V and dopant precursors
and ten metalorganic sources for group-lll and dopant pre-
The largest advance in the research on nitride semicoreursors. The hydrides are ammonia for the group-V nitrogen
ductors was the development of the buffer layer growth priorsource and the mixture of 50 ppm silane (itth hydrogen
to deposition of the single crystal GaN. Yoshielaal, using  (H,) for the silicon dopant source. The group-Ill metalorgan-
molecular-beam epitax¢MBE), first discovered this “two- ics used are trimethylgallium(TMGa), triethylgallium
step” growth proces$® Akasaki et al, employed this idea (TEGa), trimethylaluminum (TMAI), and trimethylindium
using metalorganic chemical vapor deposititddOCVD)  (TMin). The dopant source is lg/clopentadienymagne-
and extensively studied the effect of a thi0—100 nm  sium (CpMg).
low-temperature (600 °Q intermediate AIN layer when
growing GaN on sapphireThis group showed from X-ray
diffraction studies that the mosaicity, and therefore the defect To date, the best doping success in GaN has been
structure related to the degree of mosaicity, of the GaN epiachieved with silicor(n-type) and magnesiunip-type) dop-

The growth of high-quality IlI-V nitride semiconductor
epitaxial films is a recent development dating from abou
1989 with the work of Akasaket al! Because of its large
direct bandgap extending from ultravioldtJV) (6eV)
through the entire visible spectrum to r&tleV), the indium
aluminum gallium nitridgInAlGaN) system has great poten-

2. MOCVD GROWTH OF IlI-N FILMS

2.1. Si-doped and Mg-doped GaN

1063-7826/99/33(9)/5/$15.00 965 © 1999 American Institute of Physics
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- 150 0.07 2.2. Growth of multiple quantum-well heterostructures
'g j 0.06 ¢ After achieving the growth ofi-type andp-type materi-

N 720 H0.05 < als, we studied the growth of the AIGaN and InGaN epitaxial
S 9% ) O’i layers and heterojunctions required for high-efficiency
o 004 §> LED’s and injection lasers. These structures were designed
3 60 H0.05 3 to become the light-confining and light-emitting component
E | ] of the device structure. An important issue we investigated
g 30 0.02 < was the structure of the multiple quantum wegdQW) ac-
§ 10.01 tive region. Multiple quantum wells are chosen over a single

! 1 . | 0 quantum well to increase the luminescence intensity of the
0 10 20 30 40 50 structures. Obviously, increase of the number of emitting

Siki, flow, scem layers will increase the total number of electron-hole pairs

FIG. 1. Room-temperature Hall-effect data for Si-doped GaN films showingand' therefore, the number of emitted photons. The trgdgoff
the relationship between electron carrier concentration and film resistiviin the nitride material system involves the excess strain in-
versus the input Siimixture bulk flow. duced by heteroepitaxial growth. The higher In content in
InGaN and the thicker the overall active region, the more
strain exists. Finally, if the critical layer thickness is ap-
ant atoms. We have achievedtype silicon doping with  proached, relaxation of the layers occurs and defect genera-
electron carrier concentrations ranging frare5x10'" to  tion is enhanced. All of the MQW regions reported here have
1x10¥cm ™2 and maximum electron mobility-300cn?/  the total thickness, which should be much below the critical
(V-s) for n=2x10"®cm™3. Figure 1 shows the relationship layer thickness of InGaN alloys. The effect of varying the
between the electron carrier concentration and resistivity, asumber of periods in the MQW structure consisting of 35-A
determined by room-temperature Hall effect measurementsn, ;:Ga gN quantum wells and 70-A jyGa oN barrier
and the Sij molar flow. The carrier concentration is very was investigated. We determined that the optimum structure
linear with dopant molar flow, indicative of constant dopantwas a 5-period MQW for this well/barrier combination.
atom activation even at higher flows. The resistivity, how-  With this MQW optimized in terms of the Si doping
ever, obeys the nonlinear relationship at higher flows due téevel and the number of periods, AlIGaN cladding layers were
decrease in the electron mobility. The mobility decrease witradded to the photoluminescen(®l) structure to examine
higher carrier concentration is an expected effect due to théhe effect of increased overall strain in the samples. Laser-
higher degree of impurity scattering. diode structures require some type of AlGaN cladding layers
P-type doping with magnesium has also been demonfor effective carrier and optical confinement, because of the
strated; however, the 300-K free-hole carrier concentrationsand offsets and refractive index steps between GaN, InGaN,
for GaN:Mg films range fronp=7x10"to 2x10"¥cm™3  and AlGaN. However, adding AlGaN thick layers with low
with maximum hole mobility of 13cRi(V-s). These Al content will increase the amount of heteroepitaxial strain
samples were obtained by optimizing the,Mg molar flow  on the structure. The 300-K PL data in Fig. 3 show the effect
and thermally activating Mg atoms with a post growritsitu ~ of adding a 150-nm Si-doped f@Gay od\ lower cladding
(growth chambeéror ex situ (rapid thermal annealing fur- (below the MQW active regionand a 20-nm AJ 16Ga od\
nace N, ambient activation anneal at 700-1000°C forcap to the optimized MQW PL structure. The upper clad-
10-30 min. Figure 2 shows the 300-K Hall effect results for
the hole carrier concentration and resistivity versushNGp

molar flow. _
- a
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FIG. 3. Room-temperature PL spectra for MQW structures grown at 830 °C,
FIG. 2. Room-temperature Hall effect data for Mg-doped GaN films show-consisting of 35 A Ig,4Ga, N quantum wells and 70 A jyGay o N bar-
ing the relationship between electron carrier concentration and film resistivriers, doped with 20 sccm SjHand(a) without or (b) with upper and lower

ity versus the input CfMg molar flow. Al 1Ga od\:Si cladding layers. FWHM: a—174 meV, b—170 meV.
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ding, or cap, had to be thin in PL structures. This data shows
that there is absolutely no strain-induced degradation caused
by the added AlGaN. The MQW luminescence peak inten-

sity, and FWHM are nearly identical for both samples.

X-ray diffraction is used primarily on these samples to
verify the period thickness of the MQW region and to con-
firm InGaN and AlGaN alloy compositions. By measuring
the spacing of the superlattice satellite peaks, an accurate -
measurement of the period thickness can be made. Shown in
Fig. 4 is the(00.6 reflection w-26 curve for two different
MQW active regions. From this data and the formula for
X-ray diffraction from a period structure, the period thick- A
ness measured from the spacing between the zeroth-order
and first-order satellite peaks for samplevas 101 A and for 350 400 450 500
sampleb was 106 A. The intended period thickness was 105 Wavelength , nm

A for both sampl he agreement is qui nd ver
or both samples, so the agreement is quite good and ve ¥IG. 5. Stimulated emission spectrum for photopumgaalsed N layen

reprodumb_le from sample to sample. This shows that growt_iR,lQW structure consisting of five periods of 42 AglaGay N quantum
rates obtained from the growth and scanning electron Miwell and 63 A In, oGa, 0N barrier.

croscopy characterization of thigk-100 nm InGaN layers
are very accurate down to the short growth times required for ] ]
well and barrier thicknesses. Also notice that the zerothShows the results of the photopumping experiment on the
order peak for curvé is slightly further separated from the MQW PL structure which corresponds to an optimized
GaN peak than for curve. This peak corresponds to the MQW active region. This expgrlment was performed with a
average indium content of the MQW. The average indiumPu!sed(frequencyf<100 Hz) nitrogen laser capable of pro-
content ofb is larger because the indium content of the wellViding several MW/crfi peak power density. Attenuators
and barrier is slightly highel5 and 5% compared to 13 and Were placed in the beam to reduce_ the optical energy incident
3%) and the fraction of the well thickness to the overall ©N the sample. The recorded luminescence emitted from the
thickness is highe(43/105 compared to 30/15S0, again, ~Surface of the sampléperpendicular to the growth plane
the X-ray diffraction data are in good agreement with theClearly shows significant narrowing to the linewidth at the
structure that we intended to grow. characteristic wavelength=400 nm, which is a good indi-
The material quality of the MQW active region has beencation of stimulated_ emission. Also, Fabry—Perot cavi_ty
qualified by performing 300-K high-intensity photopumping Modes, whose spacing corresponds roughly to the vertical
experiments. Photopumping provides the high power densthickness of the entire epitaxial structurel.5 um) are evi-
ties needed for population inversion in the active regiondent. The §|r/sem|conductor mterfac_:e and the semiconductor/
without the need for electrical injection through doped |ay_substrate interface create the vertical cavity. We also con-
ers. Therefore, a qualitative analysis of the active region’§lude from the change in slope of the sample output power
potential for achieving stimulated emission is possible with-Versus, relative pump input power data that this material is
out having to worry about internal heating in the structureOPerating under stimulated emission conditions.
due to resistive current paths or about defect induced degra-
dation due to complicated epitaxial layer structures. Figure %-3- Selective-area and lateral epitaxial overgrowth

Joyce and Baldrey first demonstrated selective-area epi-
taxy (SAE) of semiconductors in 1962. They demonstrated
SAE of Si using SiQ masks and SiGlas a precursdft An
extension of this work, SAE and subsequent lateral epitaxial
overgrowth (LEO) of a semiconductor film over the mask
has also been reported for a variety of materiaRecently,
Davis et al'®~*® have reported using MOCVD for the
selective-area lateral epitaxial overgroWALEO) of GaN
on 6H-SIC substrates and have reported that the portion of
the GaN film grown over the oxide mask has a reduced den-
sity of threading dislocations. More recently, Nakamura
et al® have reported employing the SALEO process to grow
complete AlGaN/InGaN/GaN injection laser device struc-
i tures having a greatly improved reliability performance due
-5000 0 5000 to the reduction of the density of threading dislocations in

Relative angle, arcsec the active region, which is located in the SAE portion of the
FIG. 4. X-ray w-26 (00.6) curves for MQW active regions consisting @) layer grown directly over the n_1as|§ openlngs._The dIS|Ocat_|0_n
35 A Ing14Ga &N quantum wells, 70 A IpoGa, N barriers andb) 42 A Structure of these LEO materials is of great interest and it is
Iy 1:Ga s quantum wells, 63 A Ip,Gay 0N barriers. reported to be lower by over two orders of magnitude than
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the materials grown directly on sapphire substrataathile
these demonstrations of high-quality 1lI-N materials have
resulted in an increased interest in the SALEO process, not

We have achieved smooth vertical sidewalls and rectan-
gular cross section GaN SALEO mesas for mask stripes ori- L T e e T v T T )

ented along th(élTOO) direction, while triangular cross sec- 300 350 400 450 500 550 600

tion mesas are obtained for stripes parallel to ¢h&20) Wavelength , nm

direction. The mesas with a reCtangl’IIar CIESS section havlgG. 6. Room-temperature cathodoluminescence spectra for InGaN film
surfaces bounded by(8001) top facet and1120} side fac-  grown on GaN SALEO “substrate.” The CL from the LEO region is 1.6

ets, while{1101} side facets bound the triangular cross sec-"mes the peak intensity of the SAE region.
tion stripes. We have observed that flat surfaces can be ob-

tained for homoepit@dal films grown with mask stripes compared to the LEO regions. These results show promise
oriented along the(1100) and that the lateral-to-vertical for the application of SALEO to improved nitride devices.

growth ratio(LTVGR) is as large as-2.0 for this orienta-
tion. For stripes oriented alongl120), the growth in the
lateral direction is limited by the slow-growind 101} fac- .
ets, leading to the narrow triangular cross section typical of e have shown that MOCVD process can produce high-
growth bounded by slow-growing planes. Using atom-forcequa“ty AlGaN/InGaN/GaN heterostructure films and we

microscopy, we have measured a RMS roughness as low have optimized the properties of the MQW structures. Thesg
~0.1 nm on the top of the flat mesas for stripes parallel toStructures have operated as pulsed lasers at 300 K. In addi-

(1100). For comparison, the GaN film grown in the large-
area “open” region of the mask at the wagon-wheel hub als
has an RMS roughness 6f0.1 nm. The facet sidewalls are
found to be more vertical and the mesas are smoother f
higher GaN growth temperatures1100 °C.

The high-resolution scanning cathodoluminescei@ie
images(300 K) for undoped and Si-doped GaN SALEO me- We acknowledge useful technical discussions with Dr.
sas indicate that the intensity of the near-bandedge emissid®. F. Karlicek and Dr. C. P. Kuo. We thank D. E. Dupuis for
is more uniform and about a factor of 2 or 3 times higher forassistance in preparation of the manuscript.
the GaN:Si LEO region grown over the Si@ask compared This work was supported in part by the National Science
to the GaN homoepitaxial SAE region grown between theFoundation under Grant DMR-93-12947 and by the NSF
mask stripes. The CL linewidths and peak wavelengths ar&cience and Technology Center Program under Grant CHE-
essentially the same for all areas of the wafer. Also, thé89-20120, the State of Texas Advanced Technology Pro-
yellow-band emission is reduced relative to the bandedggram, the Army Research Office under DAAH04-93-G-
emission for the LEO region. This may indicate that a highef0317, by ONR under contract NOOO14-95-1-1302, and by
density of nonradiative traps exists in the SAE region comDARPA under contract MDA972-95-3-0008. Additional
pared to the LEO materidl. Initial plan-view and cross- support by Ford Motor Company is also gratefully acknowl-
section transmission electron microscope characterization ¢fdged. One of the authof€JE thanks the United States Air
these materials supports this interpretation and has showrorce for support under the Palace Knights Program.
that there are~5x10% cm™2 threading dislocations in the
SAE portion of the film; however, no threading dislocations*g_maii: dupuis@mail.utexas.edu
are observed in the LEO portion of the fifhThe CL emis-
sion spectra for the InGaN film grown on the GaN SALEO
film are. shown in Fig. 6 The peak intensity is brlghter.from 1], Akasaki, H. Amano, Y. Koide, K. Hiramatsu, and N. Sawaki, J. Cryst.
the region corresponding to growth over the mask while the gowth 98 209 (1989.
wavelength and FWHM are somewhat reduced for the SAE?I. Akasaki and H. Amano, J. Electrochem. SadJ, 2266 (1994.

E

many reports of the dependence of the details of the GaN © PL - Juverall
SALEO upon growth conditions have been published. Br

The SALEO films in this study are grown at a pressure g C
~100 Torr and at temperatures in the range 03 s )
=<1100°C. The GaN heteroepitaxial “substrates” are pre- & ¢
pared by growing~2 um of GaN on(0001) sapphire by .k x 1.6 CL - Window
MOCVD at Ty=1050°C. Next, an~100-nm-thick SiQ @
mask is deposited by plasma-enhanced chemical vapor depo-3 |
sition (PECVD) using SiH, and NO precursors. Conven- er
tional optical lithography and wet chemical etching are used % [
to produce various stripe patterns in the $i@ask layer. < a CL - Quergrowth.

3. SUMMARY AND CONCLUSIONS

tion, we have employed the SALEO process to produce GaN
films on sapphire substrates with no apparent threading dis-
Yocations. The SALEO process can be repeated two or more
times to produce a high-quality epitaxial film which is free of
0[lhreading dislocations from the GaN underlying heteroepi-
taxial film.
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High density 2DEG in llI-V semiconductor heterostructures and high-electron-mobility
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Situation in high-electron-mobility transistHEMT) technology is discussed. The
N-AlGaAs/InGaAs/GaAs pseudomorphic HEMT’s are now considered as most advanced for mm-
wave monolithic circuits, but metamorphii¢-In,Al; _,As/In Ga, _ As/In,Al; _,As HEMT'’s

grown on GaAs substrates are very promising for the future high-frequency devices. High density
2DEG in HEMT's is analyzed by means of the Hall effect and photoluminescence
measurements. Processing technology of the sub-@2pseudomorphic HEMT’s, metamorphic
HEMT’s and their characteristics are also described. 1899 American Institute of
Physics[S1063-782809)00909-9

High-electron-mobility transistoftHEMT) technology is Nop>4X102cm 2, and u,p>10000 crd/(V -s) at 300 K.
widely used for high-frequency application due to the en-  In this paper we investigate the high-density 2DEG in
hanced electron mobility /(,p) and velocity ) at high  N-AlGaAs/InGaAs/GaAs and N-InAlAs/InGaAs/InAlAs
electron density 1fop) in a device channel. This provides MM-structures and HEMT’s based on them, because the
high values of the device currehy, transconductancg,, former is now the most advanced industrial technology for
=dlp/dVg, cutoff frequencyf .=vg/2mL 4, output gainG, millimeter-wave monolithic circuits and the latest is very
and the low value of noise. Main tendencies of evolution ofpromising for the future high-frequency electronics.
this technology correspond to investigation of heterostruc-
tures with higher values of the conduction band offA&, MOLECULAR BEAM EPITAXY OF HEMT-STRUCTURES
and, respectivelyn,p, with higher values of the energy
separatiomEr, betweenl” andL valleys, with lower elec-
tron effective massn, and, respectively, with higher values
of u,p andvg, combined with the reduction of the HEMT
gate lengthl_ .

Since 1980 HEMT technology has passed the followin
stages:

—Ilattice matchedLM) N-AlGaAs/InGaAs/GaAs HEMT's
with AE,=250meV and maximum electron density3*
<1x10*2cm ?

HEMT-structures studied here were grown by molecular
beam epitaxyMBE) on (001) GaAs substrates. PM-HEMT-
structure consists of an 0@8m GaAs buffer layer, an un-
doped InGaAs channel layed {,<25nm), an undoped Al-
GaAs spacer layefthicknessds<10nm), aé (Si)-doped

gIayer, undoped 20-nm AlGaAs Schottky layer and a Si-
dopedn*-GaAs (3x10¥cm3) cap layer. The quality of
the AlGaAs/InGaAs interface and maximum valyes™ and
ni5* for 2DEG are essentially limited by the surface segre-

. gation of In atoms during MBE growth. Removing these
—pseudomorphic(PM) N-Al,Ga,_As/In,Ga,_ As/GaAs atoms by means of the growth interruption and subsequent

1o 1 H i i —~
HEMT's, wguchigrowde highenE; (AE;=300meV) and ¢ tce heating can achieyep, as high as 53000 GV -s)
Nyp=2x10"2cm~2 however, the effect of strain relaxation at 77 K.

restricts the maximum values of In contgnaind thickness Typical MM-HEMT-structure consists of an undoped

den qf InyGai_yAs channel layer by critical values, and, ac- 0.3-um GaAs buffer layer, an undoped 1.@a AllnGaAs
cordingly, restricts the values @fp, uzp, andvs; relaxed buffer layer(RBL) with changeable composition
—the highest frequency is realized in InP-basedfom GaAs to IgAl,_As, an undoped 0.3m InAl;_As
LM-Ing sAl 4gAS/INg G s/As HEMT's (Ref. 21 AEc  jayer, a short-period superlattice, an undopegGhg ,As
>500meV, nyp>3.5x10%cm % and u,p>10000cm  channel layer, an undoped M, ,As spacer layer d.
(V-s) at 300 K; there are some disadvantages associated with10nm), a & (Si)-doped layer, an undoped 20-nm
a rather low value of the Schottky barrier height for |n Al,_ As Schottky layer, and a 40-nm*-In,Ga _yAs
INg.5Alp4eAS and with impact ionization in kxGasAs  (5x10Fcm™3) cap layer. RBL is of main importance in
channel due to rather small energy band ga#py  MM-HEMT's. It is inserted between the substrate and the
=750meV; active layers to accommodate large lattice mismatch by for-
—recent advantages of HEMT technology are associatefhation of dislocations, to trap them, and to prevent their
with the metamorphic(MM) N-In,Al;_,As/In,Ga,_,As/  propagation in HEMT-structure. Samples with different RBL
In,Al, _,As HEMT-structures with desirable In conterys composition and depth profile have been grown. The highest
and x, ranging from 0 to 0.60, grown on the lattice- electron mobility was achieved in the samples with the RBL
mismatched GaAs substratehey provideAE.>600meV, depth profile corresponding to the nearly constant value of

1063-7826/99/33(9)/2/$15.00 970 © 1999 American Institute of Physics
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the gradient of the lattice mismatch. They hayep  tively. Ford,,<30nm the InGaAs “bulk,” PL line in each
=32000cm/(V-s) andn,p=2.2x10"%cm 2 at T=77K, a  sample is split up into two components, which are associated
good surface morphologgassociated with the cross-match with the optical transitions between the two lowest 2DEG

pattern and a large photoluminescengel) signal. subbands and the hole subband. It should be noted that the

PL lines in MM-HEMT-structures are weaker and broader
TRANSPORT PROPERTIES AND PHOTOLUMINESCENCE than those in PM-HEMT-structures, evidently due to the
SPECTRA OF HEMT STRUCTURES higher dislocation density.

In order to gnderstand, how the variations of InAs moIeSUBQUARTER_,\AICRONIETER PM-HEMT's AND MM-HEMT's
fractiony and thickness of the channel lay&y, influence the

characteristics of 2DEG inN-Al,Ga,_,As/In,Ga;_,As/ The realization of HEMT's with the gate length,
GaAs heterostructures, including the influence of the back_—<0-25:‘”_n was pe_rformed by_ using the elegtrgn ||thography
side heterobarrier, and also to determine how 2DEG is redid? combination with a special mask consisting of a SiO
tributed as a result of varying the thickneds,, the Hall layer, a metallic layer, and an electron resist Iayer_. After the
measurements ofi,p and n,p and the photoluminescence €XPosure and the development of the electron resist, the very

studies of PM-HEMT-structures have been performed. It wadia/"oW opening was formed in the metallic layer by"Aon
shown thatu,p is virtually independent ofl, in the range beam etching. Such a metalllg mask makes it possible to
19-3 nm. According to the PL studies, the regular spatial€@/iZ€ Lg=<0.2um and to avoid the problem of the low
redistribution of 2DEG between InGaAs and GaAs layersStability of the electron resist to the plasma etching.

occurs whert, is reduced. Atlg,>10nm 2DEG is mainly In PM-HEMT the typical extrinsic transconductangg’
located in InGaAs. However, dt,<7—8 nm more electrons Was In the range 300-550 mS/mm, and the drain current
transfer from INGaAs to GaAs, and dg,<3.5-4 nm nearly 9ensity Ip was in the range 300-500 mA/mm. In MM-
all the electrons transfer to GaAs. Becaysg, is approxi- HEMT’s t_he bgst results were obtained for In content of
mately as high in GaAs as in InGaAs, the electron mobility0-32- Their main advantages over PM-HEMT's are associ-
may be independent af.;,, as observed experimentally. At ated with the higher values @i andlp: gy was in the
the same time, these results demonstrate that electron sc&"9€ from 500 to 800 mS/mm, ahg was in the range from
tering associated with the backside heterobaritsreffect 200 t0 900 mA/mm, which are explained by larges, and
should increase with decreasinig;) has no visible impact Vst MM-HEMT's. In the case of PM-HEMT's rf charac-
on pop. This finding is in contrast withu,p(dy) depen-  Erstics in the frequency rangk=12-37 GHz have also

dence for AlGaAs/GaAs/AlGaAs system, where the reduceen studied. The presence of the strong correlation between
tion of d,, below 30 nm results in a strong degradation ofthe output gairG andgywas confirmed at 12 GHz. It was
wap due to the enhanced influence of the backside interfac€noWn that the dependence®fon the gate widttw at 37
To determine the role of the backside heterobarrier in thé>Hz has a maximum at,=120um, but for 12 GHzG
electron scattering, PM-HEMT-structures with AlGaAs layer INcréases withiW, to 150 um without any maximum. The
as a backside heterobarrier also have been studied. It wicrease ofs in the range 40—10pm atf=37 GHz, and to
found that replacement of GaAs by AlGaAs leads to a sig—150 pum atf=12 GHz are explained in terms 01_‘ the increase
nificant reduction ofiu,p, (about four timesandn,p, and to of the absolute transconductance. The redgctloGGlth
even stronger reduction with decreasidg,. The cause of —120um at f=37GHz is a result of a mismaich of the
this behavior, along with the higher interface electron scatPM-HEMT parameters with the input of the measurement
tering, can be attributed to progressively higher penetratio¥/@veguide line in the mm-wave range. ft 12 GHz such a
of electron wave functions into AlGaAs barrigdue to ~ Mismatch is expected &y>150um.
guantum-mechanical tunnelipngrhe electrons will therefore *E-mail: mok@mail.cplire.u
spend progressively more time in AlGaAs, where their mo-
bility is extremely low.

PL spectra of MM-IpAl, _,As/In,Ga _ As/InGaAs het- L. D. Nguyen, P. J. Tasker, D. C. Radulescu, and L. F. Eastman, |EEE
erostructures withx,y=0.32 and 0.52 also have been stud- Trans. Electron DeviceS6, 2243(1989.
ied. At d,,>40nm these spectra correspond to the bulk ma—3:;' E’A'/i'r\]'g:’(yeD”r'u';“E' ';LS‘;”’ é‘;‘ﬁplj' ';'p M'SBL?SPT‘:&;Egg‘(‘%é?%'
terial and the two PL lines correspond to respective =~ " ' ’ ’ ' ' ' '
band gapsEy. The band-gap discontinuitiesEy at the in-  This article was published in English in the original Russian journal. Repro-
terfaces are 0.70 and 0.72 eV fqry of 32 and 52%, respec- duced here with stylistic changes by the Translation Editor.
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The mechanism for heteroepitaxial growth in the InAs/Si system is studied by reflection high-
energy electron diffraction, scanning tunnelling microscopy, and photoluminescence. For

certain growth conditions, InAs nanostructures are found to develop on the Si surface immediately
during the growth process in the course of molecular beam epitaxy. The range of substrate
temperatures that lead to formation of nanosized islands is determined. InAs quantum dots grown
on a buffer Si layer with a silicon layer of thickness 50 nm grown on the top produced
photoluminescence lines at a wavelength of dn8at 77 K and 1.em at 300K. © 1999

American Institute of Physic§S1063-7829)01009-]

INTRODUCTION fraction (RHEED), scanning tunnelling microscopsTM),
and phototluminescence techniques.
Silicon is currently the main material for microelectron-
ics, accounting for roughly 90% of the market for semicon-
ductor devices. Its properties, such as high thermal conduc: EXPERIMENT
tivity and mechanical durability, the presence of a stable  The growth experiments were done on an 203 mo-
oxide on its surface, and the fact that it can be made intdecular beam epitaxyMBE) system using $100 substrates
large diameter, dislocation-free substrates make this materi@thich had undergone initial preparation by the method de-
irreplaceable for most applications. scribed in Ref. 3. The samples were glued with indium onto
In the meantime, silicon has not gained wide acceptanca standard molybdenum holder. The flux of indium was cali-
for use in optoelectronic devicdsasers, light emitting di- brated in advance from the oscillations in the RHEED mirror
odes, et9, because it has an indirect-gap band structure anteflex and corresponded to 0.1 monolayetl) per second
because radiative recombination cannot occur without an infor InAs during growth of an InGaAs solid solution on GaAs
teraction with an additional particléor example, a phonon ~ With @ molecular fraction of~15% of indium. The oxide
This situation is typical of all indirect-gap semiconductors!@yer was removed from the silicon by heating the substrate
(AlAs, GaP, etg. It is known that among the 1lI-V com-

in the growth chamber to a temperature in the range 820—
pounds, introducing thin quantum-well layers, quantum dots

870° for a 15-min exposure, after which aX2) surface
or quantum wires of a direct-gap semiconduct@aAs, reconstruction typical of an @00 surface or a mixed do-
InAs) into an indirect-gap hostAlAs) leads to a dramatic

main structure of type (1) and (1xX2) was observed.
increase in the efficiency of radiative recombination and

Subsequently, the sample temperature was lowered and InAs
) ; ) ._._was deposited by traditional MBE. After deposition of a cer-
the_re_fore _makes it possible to fabricate lasers and IIght'Eain amount of InAs, the growth process was interrupted and
emitting diodes. the sample was rapidly cooled to room temperature. The pro-
By analogy with the IlI-V compounds, we may assumecegses of removing the oxide layer and growth were moni-
that introducing quantum dots of a narrow direct-gap seMiygred in situ using systems for recording and processing of
conductor(for example, InA$ into a silicon host will also  gyents RHEED. The morphology of the surface of the
make it pOSSible to create efficient I|ght'em|tt|ng deVi&eS. Samp'es was studieglx situ using STM in accordance with
We have demonstrated experimentally the possibility, inthe method® for studying quantum-well structures of InAs
principle, of producing InAs quantum dots on a silicon sur-on GaAs surfaces. For extended STM measurements, the
face in an earlier papér. samples were placed in vacuum pump oil to protect the sur-
In this paper we study the heteroepitaxial growth of InAsface from oxidation in the air. For the photoluminescence

on an S{100 surface by reflection high-energy electron dif- excitation studies, a 50 to 100-nm-thick layer of Si was

1063-7826/99/33(9)/4/$15.00 972 © 1999 American Institute of Physics
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FIG. 1. Typical dynamic variation in the intensity of the RHEED reflection 0 350 400 450
on going from two-dimensional to three-dimensional heteroepitaxial growth Ts, °C

of InAs/Si.
FIG. 2. Critical thickness for formation of nanostructurég, as a function
of the substrate temperatufg for flux ratios[ As,]/[In]=2 (1), 5(2), 8(3),

grown over the quantum-well InAs structures by traditionaland 12(4).
MBE. Photoluminescence was excited using an’ Aaser

with an output wavelength of 514.5 nm and the detector was

a Ge photodiode. The excitation power density was 0.2—208Umed that this transition begins at the time denoted by the
W/en?. arrow on the left, i.e., at the beginning of the conversion of

the line structure of the RHEED pattern into point reflec-
tions. By analogy with the InAs/GaAs heteroepitaxial sys-
tem, we call this the critical thickness for formation of nano-
The characteristic feature of INAs($00) is a strong de-  structures on a surfacel{;). The time the volume pattern
pendence of the growth mechanism on the growth conditionstabilizes is indicated by the arrow on the right. The charac-
(substrate temperature, flux ratios, gtevhich shows up in teristic time for formation of an array of InAs islandthe
the morphology of the surface. Thus, an observation of théime interval between the arroys ~1 s (for a growth rate
RHEED dynamics shows that, for growth at a sufficientlyof 0.1 ML/s). The formation of quantum dots in the InAs/
high substrate temperaturd&470-500°C), the diffrac- GaAs system is characterized by roughly the same time.
tion patterns retain a line structure right up to thicknesses of Figure 2 shows data obtained by RHEED on the sub-
50 ML or more, while the surface reconstruction changesstrate temperature dependencelgf for T,=350—-450° and
from (2X1) to (3X1) or (1X1). Deposition of InAs at a flux ratios[As,]/[In]=2—12. The lower limit in this tem-
lower substrate temperaturé <450 °C) causes a transfor- perature range was chosen for two reasons: first, because of
mation of the RHEED line spectrum into a pattern typical ofthe difficulty in determining an exact value ©f at such low
three-dimensional growttpoint reflectiongat thicknesses of values and, second, because the covering Si layer grown at
~0.7-5 ML (depending on the ratio of the fluyesSTM  low T is of low crystal quality, so it is impossible to obtain
studies of the surface shows that two types of morphologicatlevice structures. This is confirmed by our datcording
features form during growth at high temperaturesto which no photoluminescence signal is observed in struc-
Ts>450°C: a corrugated structure with a modulation depthtures where InAs quantum dots have been overgrown by a
of ~20nm and clusters with sizes of400 nm. Another layer of Si at substrate temperatures below 350 °C.
situation is observed when the temperature is lowered to The data in Fig. 2 imply that transitions from two- to
T,=450°C. In this case, a spatially uniform array of islandsthree-dimensional growth in an InAs/Si systéumder these
in the nanometer range develdps. growth conditiong occur within 0.7—4.0 ML. This indicates
The difference in the surface morphologies that developshat, in these heteroepitaxial systems, both purely island
at different sample temperatures can be explained, first of al[Volmer—Webey growth and mixed(Stranski—Krastangv
by a change in the surface free energy of the system as ttgrowth with formation of a wetting layer and a system of
temperature rises and, therefore, by a transition from the forthree- dimensional islands can take place. This phenomenon
mation of coherent three-dimensional islands of nanometewill be studied in detail in a separate article.
size to mesoscopic three-dimensional clusters which appear As an example, Fig. 3 shows an STM image of part of an
on the surface of the corrugated wetting surface and, secon8;j (100 surface after deposition of 1.2 ML InAs with a flux
by different attachment coefficients for InAs on ar{18i0) ratio[ As,]/[In]=8 and a deposition temperature of 380 °C.
surface at different temperatures. (Growth was halted at the time indicated by the rightmost
Figure 1 shows the typical dynamic dependence of tharrow in Fig. 1) It should be noted that, in this case, the
zeroth order reflection in a RHEED pattern, taken with anislands in the base are predominantly triangular in shape, in
angle of incidence of 1° and an angle of reflection of 1.5°contrast with the case of deposition at lower temperatures
under growth conditions such that a transition from a two- to(250 °Q), where the islands were rhomboidal with a substan-
a three-dimensional growth mechanism takes place. We asially higher surface density.

2. EXPERIMENTAL RESULTS
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FIG. 3. STM image of a surface after deposition of 1.2 ML InAs 01180
at T,=380 °C. The sides of the image are parallel to [thé1] and[011]

crystallographic directions.

Cyrlin et al.

R

Intensity, arb. units

[ENE W

i I I i
0.95 1.00 7.05
ho, eV

FIG. 5. Photoluminescence spectra of InAs/Si quantum dots for excitation
power densitie$® (W/cn?): 1 — 0.2,2 — 2,3 — 20,4 — 200.T=10K.

temperature to room temperature leads to a monotonic shift
in the photoluminescence line toward longer wavelengths up
toN=1.6um atT=290K (Fig. 4). This line was not seen in
the spectra of the Si100) substrates or in the spectra of

set in a silicon matrix by growing a 50-nm-thick layer of l€ss than critical. An increase in the excitation intensity
silicon on top of grown nanosized islands following deposi-causes a shift in the peak of the photoluminescence line to-

tion of 7 ML InAs at a substrate temperatufe=400°C
with an arsenic pressure of X110 8 Torr in the vessel
showed that the photoluminescence spectrum contains
broad line (~100 me\j near a wavelength of=1.3um for
an observation temperatufe= 77 K. Raising the observation

Intensity, arb. units
T
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1
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FIG. 4. Photoluminescence spectra of InAs/Si quantum dots(K): 1 —
10,2—70,3—110,4— 150,5— 190,6 — 230,7 — 290. The excitation

power density ifP=100 W/cnf.

1.1

ward higher energieg~ig. 5. The nature of this shift is not
entirely clear. A similar effect has been observed, for ex-
gmple, in type-ll quantum dofsit may be related to electri-
cal charge that has accumulated in the quantum Hots.

We have, therefore, demonstrated the possibility, in prin-
ciple, of directly forming InAs quantum dots on($00 dur-
ing MBE.

The range of substrate temperatures appropriate for for-
mation of nanosized islands has been determined. The pho-
toluminescence spectra of InAs quantum dots with a silicon
layer grown over them include a 1,/8m line at 77K and a
1.6-um line at 300 K.
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High-efficiency AlGaAs/GaAs concentrator (2500 suns) solar cells

V. M. Andreev,* V. P. Khvostikov, V. R. Larionov, V. D. Rumyantsev, E. V. Paleeva,
and M. Z. Shvarts

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 1, 1999; accepted for publication March 2, 1999
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A study is made AlGaAs/GaAs heterostructure solar cells that have been optimized for ultrahigh
concentrations of sunlighitt000-2500 suns The maximum efficiencies were 25.1% at

500 suns, 25% at 1000 suns, and 22.8% at 2000 suns for sunlight passing through an air mass of
AML1.5. Cells of this type open up the possibility of reducing the surface area of solar cells

by more than three orders of magnitude and, as a result, substantially lowering the cost of electrical
energy in power equipment with sunlight concentrators. 1899 American Institute of
Physics[S1063-782809)01109-9

1. INTRODUCTION 3. RESULTS AND DISCUSSION

Solar cells operating at ultrahigh concentrations of sun-  Because of the high efficiency of charge carrier collec-
light (more than 1000 suhsan have much smaller surface tion over the spectral range 0.4-0.8& (Fig. 2) in photo-
areas and greatly reduce the cost of electrical energy. elements based on these structures, near maximum photocur-

At present, the maximum confirmed efficiencies of con-rents were obtained: 28.7 mA/énfor “earthbound” solar
centrator solar cells are 24.6% for solar radiation in outeradiation(AM1.5) and 35 mA/cr in outer spacéAMO).
spacé 3 (AMO, 100 sungand 27.6% for solar radiation near In solar cells intended for operation at ultrahigh concen-
the earth’s surface(AM1.5, 255 suns AlGaAs/GaAs het- trations of sunlight, it is extremely important to achieve an
erostructure solar cells can be used to obtain high efficienoptimum balance between the width and step size of the
cies, even for concentrations of sunlight exceeding 100@ontact strips. Figure 3 shows the filling factor of the load
suns. For example, an efficiency of 23% has recently beegharacteristics as a function of concentration for three solar
obtained with a concentration of 1300 sult&M1.5). cells of different designs. A high value ¢fF=0.85 can

In order to obtain higher efficiencies at high concentra-evidently be maintained in cells with a separation of 0.04
tions of sunlight, resistive losses must be reduced whilénm between contact strips with a width of 6-8 mm wide at
maintaining a high photocurrent and working voltage. In thesunlight concentrationk c=4000 suns. The resistive losses
work reported here, these goals have been met by creating 4spread resistance and contact resistpircénese cells were
optimum AlGaAs/GaAs heterostructure by low-temperaturdowered by increasing the thickness of thé&aAs layer to
(600—400 °Q liquid-phase epitaxd®~". 1.2-1.5um, as well as by increasing the doping of this layer

near the heterojunction to (23)x 10°cm™3. The gradient

2. STRUCTURE OF THE SOLAR CELLS

Pd/Au/Ni/Au

Photocells were created on the basis of the heterostruc- \/
tures shown in Fig. 1. The following sequence of layers was Y prismatic cover
grown on am-GaAs substrate1-AlGaAs (3 um), n-GaAs(3 .
um), p-GaAs (1-1.5um), and p-Aly gGay 15AS (0.05 um). adhesive
In order to reduce the resistive losses in this structure, the ARC 7ZnS
doping level was substantially increaséd 10°cm™2) in
the p-GaAs layer next to the-GaAs—Al, g<Ga, 15AS inter- p-AlGaAs : Mg 0.05 pm
face. In order to ensure a long diffusion path length for the ]
electrons in this layer, an embedded electric field was created p-Gas - Mg(Zn) 1.071.5 pm
in this layer by smoothly reducing the acceptor concentration n-GaAs : Te 3.0 um
from the heterogeneous interface to e n-junction.

A strip front ohmic contact was fabricated into the n-AlGaAs : Te 3.0 um
highly doped part of thg@-GaAs layer, which ensured a low n+-GaAs - Sn
contact resistance. A “prismatic” coating-ig. 1) was ce- (Substrate) 400 pm
mented to the photoelement to reduce the optical losses due 0
to shadowing by the contact strips; this coating deflected ;
light rays onto a photoactive part of the element, free from Au: Ge/Ni/Au
contact strips. FIG. 1. The cross section of an AIGaAs/GaAs heterostructure solar cell.

1063-7826/99/33(9)/2/$15.00 976 © 1999 American Institute of Physics
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0.2F FIG. 4. The efficiency of one of our solar cells as a function of the degree
of concentration of sunlight in outer spa¢dMO0) and on the ground
Reflectance (AM1.5D).
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filling factor of 0.85-0.87, the efficiency could be increased
FIG. 2_. PhotOfesponse spectra of_ a concentrator solar cell without an ant}’urther to 27% at a sunlight concentration of 2000—3000 suns
reflecting coating and with a coating made of Z2n&gF,, as well as the .
reflection spectrum of the coated cell. (F'g- 4.

The solar cells for operation at ultrahigh sunlight con-
centrations which we have developed can be used exten-
sively in ground-based and space-based solar power systems:
in ground-based concentrator solar power production equip-
ment with low cost solar cells; in space based hybrid mod-
ules with concentrators and fiber optics and batteries for
spacecraft aimed at the sun; and in systems for energy trans-
mission by laser beams.

These devices permit a substantial buildup in the power

in the hole concentration required to create a built-in “pull-
ing” electric field was created in two ways: either by suc-
cessive crystallization of several layers pGaAs with an
increasing concentration of Mg in the melts, or by additional
post-growth diffusion of zinc to a depth of 0.2—Qudn into
a heterostructure with an epitaxial layermfGaAs of thick-

ness 1.0-1.2um. . R .
. of concentrator solar power systems without significant in-
0,
The contact strips shadowed about 15% of the Ce”Screases in production facilities for semiconductor hetero-

without prismatic coatings. In order to reduce these Iossesstructures Thus, at the loffe Institute, up t&® £@7 hetero-
prismatic coatings made of transparent polynteiicong Etructures per )’/ear can be produéed using the existing

were cemented onto the solar cells by negative profiling o pitaxial equipment, which is sufficient to produce solar cells

the r_natrlx and lining this matrix Wlth the silicone. With these with a combined output of up to210° W/g in modules
coatings the losses due to shadowing were reduced to 3-4% ; _
B  the reduced resistive | - f Qperating aK .= 1000 suns.
was epi)asl:tfleo ttoeart?ailécereégrsésugicci)esr?cei;n ;teitlatr(;ehi;hl We wish to thank N. Kh. Timoshina, N. D. Ilinskaya,
: . and A. |. Dement’eva for help in preparing and measurin
(Kc=1000suns) concentrations of sunlight: 25% for P In preparing g

Kc=1000, 24.8% foi o= 1300, 22.8% fol o= 2000, and itzferzasrtniﬂlfr;d\/\éﬁpizft gﬁﬂ:; 6\:)”'( Alrtey for continuing
21.3% forK-=2500suns. These studies showed that at the
maximum attainable photocurrents of order 28 mAdcm

(AM1.5) in a single structure and at a load characteristic

* . . .
E-mail: andreev@scell.ioffe.rssi.ru
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Parabolic negative magnetoresistance in  p-Ge/Ge; _,Si, heterostructures
Yu. G. Arapov,* G. I. Harus, V. N. Neverov, and N. G. Shelushinina
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O. A. Kuznetsov

Scientific-Research Physicotechnical Institute of State University, 603600 N Novgorod, Russia
(Submitted March 1, 1999; accepted for publication March 2, 1999
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Quantum corrections for the conductivity due to the weak localizat@h) and the disorder-
modified electron-electron interactiqiEl) are investigated for the high-mobility

multilayer p-Ge/Gg _,Se, heterostructures dt=(0.1-20) K in magnetic field up to 1.5 T.
Negative magnetoresistance with logarithmic dependendeaod linear inB? is observed

for B=0.1T. Such a behavior is attributed to the connection between the classical cyclotron
motion and the EEI effect. The Hartree part of the interaction constant is estinigted (

=0.44) and the WL and EEI contributions to the total quantum correciiorat B=0 are
separatedf{ oy ~0.3A0; Ac®®~0.7Ac¢). © 1999 American Institute of Physics.
[S1063-782629)01209-7

1. INTRODUCTION sistivity (B@=hc/4eLi, and L, is the inelastic scattering
o S length and the field Bt,=ﬁc/2eI2, where the magnetic
The diffusive nature of electron motion in disordered jonqih i Jess than the elastic scattering length. For the effect
conductors results in quantum corrections for the effects with, 1o Cooper channel the characteristic fiBlg is the field

nolnztrivial dependences on temperatirand rP?gnetic field  \here the magnetic length is less than the coherence length
B.~“ These corrections are of the order &t[) ~*, wherekg

. . . T .

is the Fermi wave vector, aridis the mean free path. The The localization effect is totally suppressed for fi&d
total quantum correction for the Drude conductivity consistss. g —7 /212, where the magnetic length is less than the
of the single-particle weak localization part and the part d“eelastitic mean ;‘ree path® In this range, the only quantum
to the disorder-modified electron-electrée—6 interaction . rection for the conductivity is from EEI in the diffusion
between particles with similar momenta and energieshe  opanne| |n contrast with the sensitivity of the WL effect,

diffusion channeland between particles with small total mo- the calculation for the EEI in the absence of spin effscts
mentum(in the Cooper channglFor two-dimensiona(2D) demonstrates that

system all three quantum corrections, i.e., localization, e—e
interaction in the diffusion channel, and e—e interaction in
the Cooper channel lead to the logarithmic low-temperature
dependence of the conductivity Bt=0:

Aoy =A%~ (e%2m*f)gIn(kT7/), Aoy,=0, (2)

irrespective of the strength of the applied magnetic field.
3 Here 7 is the elastic relaxation time and the interaction con-
1=-7 F) —(p— 1),3(T)} stantg=(1—F ), where the first universal term is due to the
exchangdFock) part and the second ternf () is related to
the direct(Hartrege part of the Coulomb repulsion.
Inverting the conductivity tensbin the presence of EEI

] ) . . ) . corrections, we have the following expression for the mag-
The first term in square brackets in Ed) is associated with netoresistivity:

the weak localization, the second term is a quantum correc-
tion due to the e—e interactiofgEI) in the diffusion chan-
nel, and the third term is the Maki—Thomson correction. The

second term in braces is a quantum corrections due to EEl in ) . .
the Cooper channel. whereoy is the Drude conductivity, and. is the cyclotron

The different quantum corrections may be separated bf, equincy. The conseqé.leﬂcl? OffEa) 'S t\ivcifOId:d'rrﬁSﬁ?Ck'
application of an external magnetic field since each quanturf]’€ ©f temperature,(B) =1/o for wcr=1 and the link
effect has its own range of characteristic magnetic fidls. etween the classical cyclotron motion and the EEI effect in

the absence of spin scattering the magnetoresistance assoqf\§3 d|ffu5|or_1 channe! accour_1ts f_or the parabolic negative ]
ated with the weak localization is negative. For this effectMagnetoresistance with logarithmic temperature dependence:

there exist two characteristic fields: the fiéd of crossover co . or oo 2 )
from parabolic to logarithmidB-dependence of magnetore-  Pxx(B) =p®(0)= —(w7)°Ac*T o5~ —B*InT.

e2
Ao(T)=—2W2h[

kTt | In(kT7/%)
% VT |

P+

XIn

D

pS(B)=1log+[1—(w.7)?]Ac®Y 03, ©)

1063-7826/99/33(9)/3/$15.00 978 © 1999 American Institute of Physics
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FIG. 1. Temperature dependence of the conductivitg-al.

FIG. 3. Plot of the quantum correction for the conductivity vs InT for
different magnetic fields.

2. EXPERIMENTAL RESULT AND DISCUSSION

We have investigated the conductivity and magnetoresis- " :
tance of strained mgultilayer p-type Ge/éQSi (x:go 03) magnetic fieldB,=0.03 T is needed to suppress the effect of
heterostructures with the hole densitiqsxz(z 4_'2 6) weak localization. The logarithmic dependencéefon T at
%10 cm 2 and mobilities = (1.0— 1.7)x 10° cn1é/(V~§) B>B,, (Fig._3) unar_nbiguously is evidence of the EEI quan-
(ke|=10), on Ge layers aF=0.1 K in magnetic fields up,to tum corrections. Figure 4 demonstrates thaBat3B,, the
1 g T Thé conductivit aB:0.varies as the logarithm &f magnetoresistance is parabolic. The intersection point of
in’ a Wide temperaturf)e/ rang®.1-20.0 K (Fig gl) Forg  curves for differentT at w.7=1 is also observedsee
. ' I A -ig. 2).
erpendicular to Ge layers the negative magnetoresistance is . .
gbslzzrved in a whole rgnge of magnetic fielgs upte=1 The extrapolation oB® dependences B8=0 according

. 4 = to Eq. (2) gives the values 0p®(0)=1/oq+Ac®9 0} for
(Fig. 2). Because of the high mobility of holes, only a small eachT. From the universal value gf,, at w,r=1 we have

0T
0 0.5 1.0 1.5
T

v 1 ! I ! L 1
0 0.2 0.4 0.6 0.8
g%, T?
0 0.5 1.0 1.5
B, T FIG. 4. The resistivityp,, againstB? from B=0 to B=0.9T for T, K:
1—0.3,2—1.4,3—2.2. The solid line is the extrapolation of tB& depen-
FIG. 2. The resistivityp,, as a function of the magnetic field & K: dence to zero field. The inset shows one of the cuffesT=0.3K) at

1—0.3,2—0.5,3—2.2,4—4.2,5—12.2. higher magnetic fieldsd.7>1).
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the Drude conductivityro= 12-49_2/h- Then, in accordance splitting is not effectiveBs>1 T, above 2 K. We find good
with Eg. (2), the Hartree interaction constant is estimated toagreement between theory and experiment on the value of

be F,=0.44. Because of the transparent parabplig(B)  the Hartree interaction constant.
dependence in a wide range of magnetic fields, where the

EEI contribution is dominant, the separation of WL and EEI  This work is supported by RFBR, Grant No 98-02-
parts of the total quantum correctidwr at B=0 is possible. 17306.

The result for our structures is thato®~0.7Ac and . _ _
E-mail: arapov@imp.uran.ru
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Role of thermal ejection of carriers in the burning of spatial holes in quantum dot lasers
L. V. Asryan*) and R. A. Suris**)
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Fiz. Tekh. Poluprovodr33, 1076—1079September 1999

The role of thermal carrier ejection from quantum dots and free carrier diffusion in the burning

of spatial holes in semiconductor quantum dot lasers is analyzed. The balance of the

spatially inhomogeneous population inversion in the longitudinal direction of the cavity is shown
to be controlled by thermal ejection from quantum dots. Because of this circumstance, hole
burning in quantum dot lasers can show up more strongly and the threshold for multimode lasing
can be lower than in semiconductor lasers with three-dimensional active regions or quantum-
well lasers. The threshold for multimode lasing is determined as a function of the dispersion in the
quantum dot size, cavity length, and temperature for structures that have been optimized to
minimize the threshold current density of the fundamental mode1989 American Institute of
Physics[S1063-782809)01309-5

Quantum dot(QD) semiconductor lasers have attractedthem, carrier diffusion plays an analogous, but minor role. In
increasing interest because of their expected advantages oviact, only carriers localized in the QD contribute to stimu-
ordinary semiconductor lasers with three-dimensional activéated emission. Free carriers also exist in the optical clipping
regions and quantum-welQW) laserst A theory has been region of the laser and they contribute to spontaneous emis-
developed for the threshold currents and characteristic tension, thereby increasing the threshold current dersty.
perature of QD lasers that takes into account inhomogeneoushus, balancing a spatially nonuniform population inversion
line broadening due to the spread in the parameters of theequires thermal ejection of carriers from the QD, as well as
QD (e.g., its sizg?™® The optimum parameters of the laser longitudinal diffusion of free carriers. The slower of the two
structure, with minimization of the threshold current density,processegthermal ejection and diffusignwill control the
were calculated as functions of the surface QD concentraspatial distribution of carriers in QD lasers.
tion, the dispersion of the QD size, loss@avity length, Since the characteristic times for thermal ejection of car-
and temperature.

In this paper we study the effect of spatial hole burning
and multimode lasing in QD lasers. As in conventional semi-
conductor lasers with a three-dimensional active region and
QW lasers(as well as in solid state lasefs’ spatial hole
burning in QD lasers is caused by nonuniform stimulated
carrier recombination in the longitudinal direction in the cav-
ity. Because light emitted beyond the lasing threshold is a
standing wave in the cavity, stimulated carrier recombination
will be most intense in QDs lying near the intensity antin-
odes of the emitted light and least intense in those lying near Longitudinal coordinate, z
the nodegFig. 1). This causes an emptying of the quantum
dots lying near the antinodes and overfilling of the quantum
dots that lie near the nodes. This process can cause lasing in
high-order longitudinal cavity modes, along with the funda-
mental mode.

The question of multimoding in semiconductor lasers is J’ {, i L J, J’
pressing, in both fundamental and practical terms. Studies of  Stimulated
the physical processes controlling the multimode lasing  Tecombtnation
threshold are needed in order to determine ways of suppress-
ing additional modes and creating single mode lasers.

In lasers with three-dimensional active regions and QW
lasers, diffusion smoothes out spatial nonuniformities in the
distributions of the carriers and population inversion along
the cavity, completely or partly suppressing the burning of

holes in the spatigl distribution of th.e carriér%. FIG. 1. Distributions of the stimulated emission intensity and population
The situation is fundamentally different in QD lasers. Ininversion along the cavity.

A/2 !

— 5 —
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riers from a QD(see the formulas belovare usually much g 1] #%g c w2
longer than those for diffusion over half the wavelength of |6g|= 3= (5E)2=§ — (ﬁ— f) . (©)]
the light in the mediunithe characteristic scale length of the JE JE Ve

nonuniformity, smoothing of a spatially nonuniform popu- The derivative in Eq(1) is taken atE = E,, whereE, is the

lation inversion can be strongly suppressed in a QD laselphoton energy in the fundamental mode. The difference be-

Thus, spatial hole burning may show up more strongly.  tween the photon energies of neighboring longitudinal modes
Thus, thermal ejection of carriers from QDs, in contrast Am=+1) of a Fabry-Perot cavity i$E =7 (c/ \/€) (m/L),

with the diffusion, controls the smoothing out of the spatial\yhere ¢ is the speed of light in vacuung is the electric

nonuniformities in the population inversion in QD lasers. permittivity of the optical clipping region, anidis the cavity
The finite characteristic times for thermal ejection determingength.

the threshold for multimoding in QD lasers. A similar situa-  For a Gaussian distribution of the relative fluctuations in
tion has been examined for “band—impurity center” laserne QD size,
transitions®°
The multimode lasing thresholdj is defined as the ex- |8g|  1(#h(c/e)(m/L)\?
cess in the pump current densiipjection) over the thresh- gmax: 2 (A€)innhom ' (4)

old current for the fundamentéhearest to the maximum in . _ .
the gain spectruinmode required for generation of the next Where AA&)innom= (dnen+ dpep) 4 is the inhomogeneous line
longitudinal cavity mode. An analysis of this question yieldsbroadening due to the spread in the QD sizqg,=

the following expression fobj: —(dIne,,/dna), and S is the mean-square deviation of the
relative fluctuations in the QD siZe.
o | 59 eNg"" The threshold current density for the fundamental mode
Oj == in=2  —1= — (1) is given by™>
gmax Tp(1—fp) +7p(1—fp)
i i it =B 1+ ebB fofp (5)
wherejy, andj, are the threshold current densities for the Jth o0 "P e Wpl(l_fn)(l_fp),

fundamental and next longitudinal modes, respectively, of
the cavity,g™® is the maximum in the gain spectrurfhp where N is the surface concentration of QDSQD is the
are the averagéver the ensemble of QDslegree of filling radiative recombination time in a Qﬁ,‘5 b is the thickness
of the electron and hole quantum-well levels in the QD re-of the optical clipping region, anB is the radiative recom-
quired for lasing in the fundamental mo@ie, N""=(4/¢)  bination constant in the optical clipping region.
><(ﬁ”\o)ZTQD[(As)inhom/ﬁ]ﬁ(a/F) is the minimally per- The relative threshold for multimode lasing is
missible surface concentration in the QD required to achieve 5i sql NMn

lasing in the fundamental mode for given losge$a given __]= 99| Ns QD

cavity length L) and inhomogeneous line broadening I gm™ N Ta(1= o)+ 7p(1—fp)
(A€)innom, 2> & is @ numerical constant in the QD size dis-

tribution function ¢=1/\27 and é&= 1/ for Gaussian and % ! _
Lorentzian distributions, respectively\, is the vacuum fafpt (7op/Ng)bBNp[frfp/(1—Fo)(1—Fp)]
wavelength of the fundamental modejs the average QD (6)

size, and’ is the optical clipping coefficient in the layer with . - : .
P Pping y In the following we shall limit the discussion to the case of

the QD (in the transverse direction in the cavify > -
The characteristic times for thermal ejection of electronsCharge neutrality in the QD, where the degree of filling of the
and holes in Eq(1) are given by quantum-well electron and hole levels is giverfBy

Nrsnin
Th= - v Tp= . , 2 o=ty 2 Ns
opVpny TpVpP1 o _ o
It is evident from Egs(1), (2), and(6) thatsj and §j/j,
whereo, , are the cross sections for capture of electrons anihcrease with increasing,, ,. Naturally, the largew, ; is,
holes in a QD and/,, , are the thermal speeds. In EQ), the more intense the capture processes in the QD will be and
n,=Noexd—(AE.—&)/T] and p;=N“‘exg—(AE, the more weakly the spatial hole burning will manifest itself.
—&)/T], whereNSS = 2(mQy T/2742)%2 are the effective The results of these calculations will now be illustrated
densities of states in the conduction and valence bands of tHer an GalnAsP/InP laser heterostructéréThe thickness of
material in the optical clipping regiodE, andAE, are the the optical clipping region i$=0.28um. The (powe) re-
gap widths in the conduction and valence bands at the heflectivities of the mirrors ar®; =R,~0.33. A Gaussian dis-
eroboundary between the QD and the optical clipping regiontribution of the relative fluctuations in the QD sizes is as-
&n,p are the quantum-well energies of electrons and holes isumed. The average size of the cubic QDais150A. The
a QD of average siza, andT is the temperaturén energy  surface concentration of QDs, the mean-square deviation in
units). the relative fluctuations in the QD size, the cavity length, and
The absolute magnitude of the difference in the gaintemperature areNg=6.1x10cm 2, §=0.025 (5%), L
coefficients for the fundamental and next cavity modes in=500um, andT=300K, respectively, unless otherwise in-
Eqg. (1) is given by dicated. The corresponding minimum permissible surface

1
1+

)
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It has been shov# that the optimum parameters for a
laser structurgsurface concentration of quantum dots and
thickness of the optical clipping layersuch that the thresh-
old current density for the fundamental mode is minimal,
depend on the mean-square deviation in the relative fluctua-
tions in the QD size, the cavity losséise., cavity length,
and temperature. Some calculations for structures that have
been optimized to minimize the threshold current density for
the fundamental mode are shown befotv.

Figure 2 shows plots of the relative threshold for multi-
mode laser generatiofsmooth curvesand the minimum
threshold current density for the fundamental mé¢dashed
curves as functions ofla the mean-square deviation in the
relative fluctuations in the QD siz&)) the cavity length, and
(c) temperature. Each point on the curves corresponds to a
concrete structure optimized for the given valuefFig.

23), L (Fig. 2b, or T (Fig. 20.

Figure 2a shows that reducing the spread in the QD size
leads both to a drop in the minimum threshold current den-
sity and to a substantial rise in the threshold for multimode
lasing at a QD. For structures optimizeddt 0.025(spread
5%) and 0.1(spread 20% Jj/j,~21 and 2%, respectively.
The corresponding minimum threshold current densities are
8 and 25 A/crA.

Increasing the cavity length leads to a desirable reduc-
tion in the minimum threshold current, but at the same time,
to an undesirable reduction in the threshold for multimoding
(Fig. 2b.

The reduction in the minimum threshold current density
that occurs as the temperature is lowered is accompanied by
a simultaneous drop in the multimoding thresh(#ig. 20.
Naturally, thermal ejection of carriers from a QD and, there-
fore, balancing of the spatially nonuniform population inver-
sion are suppressed at low temperatures. Thus, the multimo-
ding threshold is also low at low temperatures.

In this paper we have calculated the threshold for multi-
mode lasing in a QD laser. It has been shown that the mul-
timoding threshold is determined by the finite characteristic
times for thermal ejection of carriers from a QD. A reduction
in the spread in the QD sizes leads both to a drop in the
minimum threshold current density and to a substantial rise
in the multimoding threshold. The reduction in the minimum
threshold current density that occurs as the temperature is

FIG. 2. Relative threshold for single mode lasifig ], (smooth curvesand
the minimum threshold current density for the fundamental madshed

timoding threshold.
curves as functions ofa) the average root-mean-squ&RMS) deviation of This work was Supported by the Russian Fund for Fun-
the relative fluctuations in the QD siz€) cavity length, andc) tempera-

ture. Each point on the curves corresponds to a specific structure optimizr::qamental ResearckGrant Nos. 99'(_)2'16796_ and 96-15-
for the given value o (a), L (b) or T (c), respectively. 96348 and the Program on the Physics of Solid State Nano-
structuregGrant Nos. 97-1035 and 99-1106

lowered is accompanied by a simultaneous drop in the mul-

concentration of QD’s*® (controlled by the values of, L,  *g.mai: asryan@theory.ioffe.rssi.ru
andb) required to obtain lasing in the fundamental mode is** 'E-mail: suris@theory.ioffe.rssi.ru
NI"=2.1x 100 cm 2,

Calculatingo,, , lies beyond the scope of this article.
Here we have takemr, ,=10 **cn? as an estimate for the !y. Arakawa and H. Sakaki, Appl. Phys. Lett0, 939 (1982.
multimode thresholdconsiderably smaller than the geomet- ZL' V. Asryan and R. A. Suris, Semicond. Sci. Techritl, 554 (1996.
ric cross section of a QDIt should be noted that the way the - V. Astyanand R. A. Suris, IEEE J. Sel. Top. Quantum Elect®ri48
multimoding threshold depends on the structure parameters; v asryan and R. A. Suris, Electron. Le83, 1871(1997).
and temperature does not changergg, is varied. 5L. V. Asryan and R. A. Suris, IEEE J. Quantum Electr84, 841(1998.
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Polarization anisotropy in optical reflection spectra of structures with open nanowires
N. S. Averkiev, S. O. Kognovitskii,*) and V. V. Travnikov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 1, 1999; accepted for publication March 2, 1999
Fiz. Tekh. Poluprovodr33, 1080—-1083 September 1999

The optical reflection spectra of structures with open nanowires created from ZnCdSe/ZnSe
heterostructures are investigated. A significant polarization anisotropy of the reflection is observed
over a wide spectral range, including the exciton resonance regions of the wire, the barrier,

and the substrate. The effect of additional laser pumping on the reflection spectrum is examined.
The observed effects are interpreted in terms of a model of an effective anisotropic layer.

A numerical simulation of the reflection spectra based on this model is in good qualitative
agreement with experiment. @999 American Institute of Physid$1063-782809)01409-X

Semiconducting structures with surface lattices formedwvell of thickness 5nm enclosed between 20- and 25-nm
by a system of operwithout growth over themwires is  ZnSe barriers. The initial structures were grown on a sub-
characterized by a large difference between the dielectristrate of GaAs with(100 orientation. In the resulting
permittivities of the wire material and the air in the gapssamples, the ZnSe/ZnCdSe/ZnSe wires, with a width
between them. This causes a spatial redistribution of the ana=70 nm and heighb=60 nm, were positioned on the sub-
plitudes of incident electromagnetic waves along the crosstrate with a period of =250 nm.
section of the lattice. This sort of redistribution is substan-  The experiments were done with sample temperatures
tially different for waves polarized alon¢TE-waveg and T=2, 77, and 300 K. The reflection spectra were measured
perpendicular td TM-waves the direction of the wire§~®>  with strictly normal incidence of a collimated (0.5°) beam of
To a great degree, this determines the strong polarizatiowhite light linearly polarized parallelTE) or perpendicular
anisotropy in the optical properties of structures with openTM) to the direction of the wires. The effect of additional
wires. This mechanism for formation of a polarization an-irradiation on the reflection spectra was studied using various
isotropy is substantially more important than one-laser lines with similar excitation energy fluxes-{0W/
dimensional clipping when effective exciton quantization hascn?).
still not been achieved. We call such wires nanowires below.  The reflection spectr®, (hv) andRy(h») obtained for
A strong polarization anisotropy has been observed in th&M- and TE-waves, respectively, are shown in Fig. 1. The
luminescence and Raman scattering spectra of these struigure shows thaR, is significantly greater thaR over a
tures beforé~® In this paper we study the polarization an- wide spectral range. The rati®, /Ry is as high as 2.5 in the
isotropy in the optical reflection spectra of structures withinterval 2.48-2.75eV.
open ZnCdSe/ZnSe nanowires. Additional photogeneration of carriers within the volume

The test samples were produced by interference lithogef the wires by 2.807-eV laser light caudRs to increase by
raphy followed by reactive ion etchihdrom undoped struc-
tures containing a single Zn,Cd Se (x=16%) quantum

T=77K GaAs substrate

0.141 0.16
L T=T77K - _ et
- nanowire structure
0.12 ™ : ’
0.10} =
o =
o &
L0.08 0.15
— L
Q
0.06 L
- TE - TE, nanowire
0.04} InCdSe ZnSe w
002 I~ 1 i i 1 L L A 1 L !
I 01502 1506 7506 1.508  1.510  1.672
0 I 1 I . 1 L L . ! hy, eV
2.6 2.7 2.8 2.9 J.0
hy, el FIG. 2. Reflection spectra of a structure with open nanowires for TM- and

TE-waves in the neighborhood of the exciton resonances of the substrate.
FIG. 1. Reflection spectra of a structure with open nanowires for TM- andThe dashed curve is the reflection spectrum of an initial quantum well struc-
TE-waves in the neighborhood of the exciton resonances of the wires.  ture.

1063-7826/99/33(9)/3/$15.00 985 © 1999 American Institute of Physics
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~15% over the entire spectral range studied here but doemn the amplitude of the resonances is related to a reduction in
not change th& spectrum(except for a narrow region near exciton damping, which, in turn, is caused by a reduction in
the exciton resonances of the wirddditional irradiation by  the embedded electric fields in the wires due to screening of
photons with energies less than the gap of the ZnCdSe / ZnSmirface charged states by photogenerated carriers or due to
structure has no effect on the reflection spectra. It should btheir neutralization as carriers are captured.
noted that, in the case of an initial structure with a quantum  The polarization anisotropy of the reflection spectra can
well, additional photocarriers do not change the reflectivitybe described by a model that includes an effective aniso-
within a wide spectral range. The different effect of lasertropic layer in structures with open nanowires. A short-
irradiation on the reflectivitie®, andRj may be a conse- period grating of semiconductor strips separated by air gaps
guence of different contributions of the boundary conditionscan be regarded as a uniform anisotropic uniaxial layer that
at the side walls of the ZnSe-wires for TE- and TM- is characterized by effective refractive indiagsandn, for
polarizations of the incident light. For TM-polarization, thesethe ordinary (TE) and extraordinary (TM) waves,
boundary conditions determine the optical response of theespectively’
wires to a significant degree. Thus, the change in the bound-
ary conditions when the free carrier concentration is raised n(%:anzlLJr(L—a)ngi,/L,
by screeni_ng the surfgce embedded electric fielo_ls_will Ieac_J to 1/n§=a/(Ln2)+(L— a)/(l_ngir),
a substantial change in the “background” reflectivity for this
polarization. For TE-polarization, these boundary conditionsvheren is the refractive index of the semiconductor layer in
have a significantly smaller effect. the wire. The dielectric permittivity corresponding to a given
It was possible to detect features associated with exciton is chosen to have a form that takes the exciton resonances
resonances of the GaAs substrate in the reflection spectra. Ao account, i.e.,
can be seen in Fig. 2, these resonances are similar in the _ 2 o
spectra for both TM- and TE-waves. Compared to the reflec- &(B) =20t C(E)/(Ex—E—IET,),
tion spectrum from the initial quantum well structure, thewhere ¢, is the background dielectric constant due to the
spectra of the nanowire structure had an additional resonan¢ggh-energy bands is the photon energ)g, is the energy
feature at higher energies. This behavior probably originatesf the exciton ground state, anld, is the homogeneous
in a periodic modulation of the elastic deformation along theproadening of the exciton resonance. Inhomogeneous broad-
substrate surface caused by a mismatch of the lattice parargning was taken into account by averaging over the position
eters of the substrate and wire materials. of the exciton resonance. The Gaussian averaged profile for
The resonance features corresponding to excitons of thgne ZnCdSe layer had a half-width of about 25 meV and that
ZnCdSe layer and the ZnSe barriers mostly show up only ifor a ZnSe barrier was about 47 meV. The coeffici€nis
the R spectrum. The amplitude of these resonances inproportional to the square of the matrix element for the mo-
creases with additional laser pumping at photon energies exnentum(p) for interband transitions:
ceeding the gap of the corresponding material. This is con- ) 332 4
firmed by Fig. 3, in which one of the spectra was measured ~ C(Ex) = (256:7e(0)"R°P*)/(mee"Ey),
while the specimen was being irradiated with 2.807-eV lase{yheres (0) is the static dielectric constari,is the binding
light. (Here the luminescence contribution to the detectedbnergy of the  exciton ground  state, and
signal was negligible.The effect of additional photocarriers P2=(2|(p)|?)/(3my).

0.701

Pumping by HeCd-laser (line 2.807¢V) 0.5r
T=77K -

TE with the pumping o.4r /’—/_\

™
N 03¢
= 005% -
/ 021

TE without the pumping L

R, R

ZnCd Se 011
| ZnCdSe -
0 . i " i . ! . L 0r ZnSe
2.55 2.60 2.65 2.70 2.75 . . . . ! l s
Ry, eV 2.4 2.6 2.8 3.0

hy, eV
FIG. 3. Reflection spectra of a structure with open nanowires for TE- waves
in the neighborhood of the exciton resonance of the ZnCdSe. These spectrdG. 4. Calculated reflection spectra of a structure with open nanowires for
were obtained with and without additional illumination by 2.807-eV laser TM- and TE-waves in the neighborhood of the exciton resonances of the
light. wires.
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Expressions for the reflection coefficienfor normally ~ deviations of the wire cross sections from square cross sec-
incident TE- and TM-waves were derived including reflec-tion. In addition, we have ignored the anisotropy of the ma-
tion from three effective anisotropic layers containing stripstrix elements of the optical transitions due to the different
of ZnSe, ZnCdSe, and ZnSe, respectively, and lying above distributions of the amplitude of the electromagnetic field
thick GaAs layer: along the cross sections of the wires for TM- and TE-waves.

. In conclusion, it should be noted that the successful in-
r=[rorttostso/Tort B exp=i4mnshy /M J/(1+8B), terpretation of the polarization properties of the reflection

where spectra of structures with open nanowires in terms of an
_ ; ffective anisotropic layer model confirms the importance of
B=—ro3t+tysts/[ — ozt Aexpidmn,h,/N)], efrectiv o e
25t taataall T2 X 22 /N)] taking into account the effect of the spatial distribution of the
and elements of a substantially inhomogeneous medium on the
A=T gt tostan![ T o5t eXH — i 4aNsha IN) /T 4], response of this medium to optical perturbations.

_ ] o We wish to thank F. Henneberger and M. Rabe for pro-
wherer; andt;, are amplitude reflection and transmission yiding the high-quality original quantum-well structures, V.
coefficients for the corresponding effective layer of thicknesy skopina and S. I. Nesterov for preparing the unique quan-
hj, andn; is the effective refractive index of this layer for tym nanowire structures, and S. A. Gurevich for interest in
TM- or TE-waves. this work.
The reflection spectra for the two polarizations were cal-  Thjs work was supported by the Russian Fund for Fun-
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were chosen for optimum matching of the calculated and

experimental spectra. This made it possible to estimate thgE-mail: kogn@spectr.ioffe.rssi.ru
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Photoluminescence of InAs quantum dots grown on disoriented GaAs substrates
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The photoluminescence spectra in an external magnetic field of an ensemble of InAs quantum
dots grown by molecular beam epitaxy oriG®1) GaAs substrate with a disorientation

in the[010] direction are studied. A redistribution of the photoexcited carriers among different
groups of dots under the influence of the magnetic field is observed. The concentration of
quantum dots is determined by analyzing the data. 1999 American Institute of Physics.
[S1063-782629)01509-4

1. INTRODUCTION ners of the terrace@osition 1 in Fig. 1. The other array,
Increasing interest of researchers has recently been COQ—D'Z’. IS assouateq with points that dgyelop_e d ;pontane-
centrated on studies of structures with quantum dots angUSIy in plane sections of the terrad@bsition 2 in Fig. ).
quantum filaments. Quantum ddt3Ds), as the limiting case
of carrier quantum wells, are extremely interesting to basi
researchers. Since ideal QDs have a line emission spectru . .
they also offer promise as low-threshold semiconductor la- D-2. Theref_ore, the photoluminescence maximum of the
sers. One of the major problems in the technology of QDs isQD'1 array lies at a lower energy t_h_an that of QD-2. A
producing a uniform array of dots with a high densityhis comparison of_the mtegrat_ed intensities of _the QD-1 and
problem is solved by using self-organization effectdow- QD-2 arrays yields an estimate of the relative number of

ever, as the concentration of QDs increases, coalescence &gantum dots grown at the corners and centers of the ter-

fects in which neighboring QDs merge into one are ob-"aces: I these sampleg /n,~1.

served. This reduces the photoluminescence efficiency, since The |nt.en'3|.ty of th'e QD photolummescemg is found to
Ipcrease significantly in an external magnetic fiédeée the

inset in Fig. 2. This behavior stems from the presence of
another type of quantum dots, QD¢Bosition 3 in Fig. 1,

ecause of the easier growth conditions and partial relax-
Cation of the stress at the points on the boundary with another
rrace’ the average size of QD-1 is greater than that of

ters of nonradiative recombination.

A technique of growing InAs QDs using substrates of
(001) GaAs that are disoriented in th610] direction in or-
der to raise the density and homogeneity of an array of Ds.

On surfaces of this sort, steps develop in[th&0] and[110] [HMJ 2 1
directions. The intersection of these steps creates a network

of terraces, with alternating wide and narrow regions that are N7
bounded by steps on all sides. Quantum dots grown on sur-
faces of this sort lie predominantly on the wide regions of the

terraceqFig. 1). ﬁ

2. EXPERIMENT <D

We have studied samples with InAs QDs grown on dis-
oriented GaAs substrate@lisorientation angle 4°) using N
self-organization effects. The photoluminescence spectrum i <D
of the QDs is shown in Fig. 2. The experiment was done at a
temperature of 1.6 K and the photoluminescence was excited
by He-Ne laser light with an intensity of 1 W/émin the
spectrum two inhomogeneously broadened photolumines-
cence profiles, each with a Gaussian shape, can be distin- [110]
guished. The peaks in these profiles are separated by
~100meV. A detailed analysis of the photoluminescence
line profiles is given elsewhefeTwo photoluminescence FIG. 1. A sketch of a structure with InAs quantum dgtyramids, grown

a(001) GaAs substrate, disoriented in th@10] plane. Three possible
peaks show up because there are two QD arrays. The aver gpes of quantum dots are showh.and 2 correspond to quantum dots

size Of.the QD§ in thes_e arrays differs Hy15%. On(‘?‘ array, jocated in the corners and center of the terraces, respectively3 dnd
QD-1, is associated with quantum dots that grow in the corguantum dots formed as a result of coalescence.

o

(710}
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FIG. 2. Photoluminescence spectrum of guantum @B) in zero mag- FIG. 3. Relative Change in the photoluminescence intensity of quantum dots

netic field. The dotted curves are two Gaussian profiles used to approximai® a magnetic field) op /I gp(B=0). The points are experimental data and

the photoluminescence spectrum. The narrow lines at an ereligy eV  the curve, a calculation according to HG2).

correspond to exciton recombination in bulk GaAs. The inset shows the

photoluminescence spectra of quantum dots in magnetic 88 (1), 0.9

(2), and 2T(3). . . .
tocarriers are captured into the nearest QD. In this case the

capture of photocarriers is determined only by the concentra-

tion of QDs and the extent of capture is given by

which are formed through coalescence of QD-1 and QD-2.

The QD-3 do not contribute to the photoluminescence be- szﬁ, 2
cause of strong nonradiative recombination of photocarriers 12t Ns

due to the development of dislocations in them. We assumgomparing Eqs(1) and(2), we find

that capture of photogenerated carriers in QD-3 is suppressed

in a magnetic field, so that the photoluminescence intensity X _ ”La’”u (3)

increases. The effect of magnetic field on the photolumines- Xo 1+ Nz/Ny,

cence intensity is explained as follows. lrgt;=n;+n, de-  Fory>1, the QD photoluminescence intensity increases in a
note the total concentration of QD-1 and QD-2 amdienote magnetic field and fow<1, it decreases.
the concentration of QD-3. We assume that the probability of Figure 3 shows the QD photoluminescence intensity as a
capture in a quantum well is proportional to its area. Thefynction of magnetic field, normalized to the intensity in zero
average sizes of QD-1 and QD-2 differ by only 15% and argjeld. Two characteristic regions can be distinguished. For
on the order of 150 A. In this case, we can assume that thg<2 T the photoluminescence intensity increases with ris-
probabilities of capture into QD-1 and QD-2 are roughly jng magnetic field. FoB>2 T, the photoluminescence in-
equal, withw,~ ;= w1 ». The sizes of the QD-3 are limited tensity saturates to 1.2 times the QD photoluminescence in-
by the terrace size. For a disorientation angle of 4°, theensity forB=0. This dependence can be used to estimate
terrace size is 300¢Ref. 3, and the probability of capture the characteristic magnetic fieldBp~1T and to
into QD-3 (w3) is different. Thusw= w3/ w; ~4. determine the total QD concentrationn;+n,+ns
Under steady-state conditions, the photoluminescence is B,/ nfic~ 10" cm 2. This concentration is consistent

determined by the extent of captufthe fractions of photo-  with the value determined previously by atomic-force mi-

generated carriers captured into QD-1 and QD-2 croscopy in similar structures.
Ny 201 2
Xo=———————. (N
Ny 201 21 N33 3. THEORY. DISCUSSION OF RESULTS
In an external magnetic fielB, the photocarriers are local- By analogy with Ref. 5, the fraction of photocarriers

ized in a region whose size is on the order of the mag”eti%aptured into a QD of type(i=1,2,3) can be written as
length L (L2=#%c/eB). In a strong magnetic field, &L?

>n,+n,+n; (B>By=whic(n;+n,+nsz)/e) and the pho- Ji~nT{®, 4
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whereI'(? is the rate of generation of particles in a QD of where By = wficn; /e. Substituting Eq(12) in Eq. (6), we

the corresponding type. Then the extent of capture is obtain the relative change in the QD photoluminescence in-
() tensity as a function of the magnetic field.
X= N12l 12 (5) The QD photoluminescence intensity, calculated using
Ny L%+ ng Y Egs. (6) and (12), is shown in Fig. 3. The best agreement

dth lati h in the | L ic i Idwith experiments is reached fdBg,t+Bg,=2 T and Bgs
22n tt)eevxrr?t?etlr\\/ilsc ange in the intensity in a magnetic fie =0.18T, which corresponds to concentratioms+n,
=10"cm 2 and ng=9x10°cm 2. Sincen;~n,, we find

lop ny ) n,=5x10Ycm 2 andn,=5x10"%m 2.
- (6)

————=(14+wnz/n e ee—
lgo(B=0) TN /MIT T or T T

In the case of low excitation intensities, when filling of the

QDs can be ignored, the generation rate is givehby
4. CONCLUSIONS

= fo dr2ar Q;(r)TLQi(r)]. (7 We have shown that three types of QDs can develop in
structures with InAs QDs grown on disoriented GaAs sub-
Here Q;(r) is the rate of capture of particles into a QD of strates(Fig. 1). Quantum dots formed in the corners of the
typei located at distance andT[ «] is the average lifetime terraces(QD-1) and in the centers of the terracé@D-2)
of a particle whose pr60bability of capture into clearly avail- preqominate. Quantum dots located on a single terrace can
able QDs is equal ta, also coalesc€QD-3). The relative concentrations of QD-1
w and QD-2 have been determined by analyzing the shape of
Tla]= fo dtexp{ —at—Ei f dr2srn[1—e % the photoluminescence lines. The photoluminescence inten-
(8) sity of the quantum dots is found to increase in an external
magnetic field. This effect is explained by suppression of
!n an external magnetic field, Fhe photocarriers are |°Calize‘§>hotocarrier trapping in QD-3 quantum dots, which are non-
in the planes of the system with the wave function radiative recombination centers. The QD photoluminescence
1 r2 calculated as a function of magnetic field using a simple
goé(r): —zexp( — —2) . 9 model agrees well with experiment. The QD concentration is
7L L determined by analyzing the behavior of the photolumines-

In this case, the particle capture rate is given by cence in a magnetic field.
) We thank the Russian Fund for Fundamental Research
Qi(r)=eg(r)w; . (100 (Grant No. 98-02-18267and the Ministry of Science of the

iI(?;ussian FederatiofProgram on the Physics of Solid-state

The relative change in the photoluminescence in a magnet X :
Nanostructuresfor financial support.

field can be found by successive substitution of E@$-

(10) in Eq. (6). The final expression is cumbersome and un-
suitable for the analysis. To simplify it, we propose approxi-
mating the wave function in a magnetic field by the

Heaviside unit step function
*)E-mail: George.Astakhov@pop.ioffe.rssi.ru

5 1
‘Po(f)*mh(l-—f)- (11

Then, after successive substitutions, we obtain the following

expression for the generation rates:
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Short-wavelength current tuning of InAsSb/INAsSbP heterostructure lasers caused
by an injection nonuniformity

A. P. Danilova, T. N. Danilova, A. N. Imenkov, N. M. Kolchanova, M. V. Stepanov,
V. V. Sherstnev, and Yu. P. Yakovlev*)

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 1, 1999; accepted for publication March 2, 1999
Fiz. Tekh. Poluprovodr33, 1088—1092September 1999

A reduction in the emission wavelength in the preferred mode of InAsSbP/InAsSb/InAsSbP
heterostructure lasers by 50 A is observed when the current is raised from 1.8 to 5 times the
threshold with dc and pulsed power. A comparison of the spectral and spatial distributions

of the output as functions of current shows that this short-wavelength tuning is caused by a change
in the distribution of the nonequilibrium charge carrier concentration over the strip width as

the current is varied. This effect is modeled mathematically, taking into account the increase in the
injection density and the drop in the output intensity from the middle to the sides of the
waveguide. The results of the model calculation are in good agreement with experimeh893©
American Institute of Physic§S1063-7829)01609-9

1. INTRODUCTION These studies were done at liquid-nitrogen temperature

Current tuneable semiconductor lasers emitting at wave!! & continuous operating mode with the laser powered by

lengths neam =3.3um are of interest for high-resolution short current pulses of duration 0.04 ms with a reciprocal

diode laser spectroscopy because characteristic ralbsorptigrl{[y.faCtOr of 100, sawtooth pulses with a repetmon fate
anging from 18 to 10* Hz, and square pulses with a recip-

lines of natural and industrial gases such as methane, pr5 .
pane, ethylene, benzene, etc. lie in this region. These Iase%%caI duty factor of 2(meander and a repetition rate of
can be used in fast instrumentation for active environmenta Z

monitoring to determine the composition and concentration

of pollutants, as well as in medical diagnostics and industns. EXPERIMENTAL RESULTS

for precision control of technological processes.

In earlier papers® only thermal tuning of the emission We studied the currentl dependence of the coherent

wavelength due to heating of the active medium during afemlsstlon spetctra aFd dl_rrehctlonal dlagram? of Iase;s with dif-
current pulse has been discussed. erent current supplies. The measurements were done over a
wide range of currents between 1 and 4 times threshold. The

This paper is a continuation of our studies of smooth
current tuning of the output wavelength of double hetero—threShOId current for the best samples wis 30—35mA.

structure lasefs” with an InAsSb active region surrounded The lasers that were tested usually had a single spectral mode

by layers of INASSbP and represents a new concept in IaS(I.;?r current; of (1'$3)|th’.Wh"e a different mode predom|7
wavelength tuning by nonlinear optical effects. nated at higher curreni§ig. 2. The same mode composi-

tion was observed with the various power supply variants.
Figure 3 shows the output wavelength as a function of
the pump current for the different power supply variants: dc,
Laser diodes based on doubl-InAsy,Shy1#P93d  meander, sawtooth, and short current pulses. KiiE)
N-1NAsg 95Shy o P-INASy 465k 1P 35 heterostructures(Fig.  curves behave similarly for the different supply variants. At
1) were grown by liquid-phase epitaxy on an InAs substratdow currents,| <1.81,, there is a slight shift of the wave-
with a thicknessh=100um and a hole concentration of length to longer wavelengths, by less than 10 A; with further
(5—8)x10"®cm™ 3. The thickness of the active region of the increases in the current, there is a smooth shift to shorter
laser was~1 uwm and that of the wide-gap emitters3 um.  wavelengths by a substantially larger amount. The maximum
The active region was intentionally not doped, and the elecshift in the mode toward shorter wavelengths was0 A.
tron concentration in it was-10*cm™3. The N-InAsSbP  For currents above 13,, the slope of thex(l) curve de-
layer was doped with Sn to an electron concentration otreases and the spectrum ceases to be single-mode; for cur-
n~1x10¥cm 2 and theP-InAsSbP layer was doped with rents |>4l,,, the emission wavelength ceases to change
Zn to a hole concentration qf=(2—5)x 10"¥cm 3. with current at all. This consistence of the spectral charac-
A mesa-strip of widthb=16xm was formed on the teristics for the different supply variants indicates that the
grown structures by photolithography. Fabry—Perot cavitiesactive region is not heated during the current pulse. The
with lengths ofL = 250—- 375um were obtained by cleaving. shorter wavelength modeghan the predominant moge
The width of the laser structure in the substrate region wasvhich show up whern >3ly,, shift with the current in the
c=500um. same way as the predominant mode. We have already ob-

2. EXPERIMENTAL TECHNIQUE

1063-7826/99/33(9)/5/$15.00 991 © 1999 American Institute of Physics
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FIG. 1. The diode laser structure: a — location of the epitaxial layers, b —

layer-by-layer profile of the gap widt, along thez axis ¢ — design of the
mesa-strip diode laser.
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FIG. 3. Emission wavelength of the V12152-71 laser as a function of cur-
rent when the sample is powered by(dg, short pulse$2), sawtooth pulses
(3), and meandet4).

served such a large short wavelength shift of the mode with
rising current in similar lasers with a strip width of 26n.%’

Figure 4 shows the spati@lith respect to the anglé)
distribution of the laser output intensity. The smooth curves
are experimental data and the dashed curves are theoretical
calculations. At low currenténearly,), the directional dia-
gram corresponds to a single longitudinal mode with about
10% additional emission in transverse modes. As the current
is raised to 24,, the half-width of the directional diagram
increases to 20° and the pedestal extends te &% in the
wings. This is explained by amplification of the transverse
modes, whose contribution increases further when the cur-
rent is raised td =3ly,. A first-order transverse mode was
also observefiin the output of the laser with a strip width of
10m, mentioned above, whdm>4ly,.

4. DISCUSSION OF EXPERIMENTAL RESULTS

A comparison of the spectral and spatial distribution of
the radiation as functions of current shows that the strongest
retuning of the wavelength occurs at currents where output is
generated in both longitudinal and transverse modes, with an
intensity that falls off with mode number.

Let us consider the shift in the wavelength of the pre-
dominant mode together with the variation in the directional

FIG. 2. Emission spectra of the V12152-71 laser for different currents pow-diagram with current. For currents<1.81ly, the radiation is

ered by short pulses of duration 0.04 ms.

concentrated mainly in a single longitudinal spatial mode
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fractive index, the appearance of lateral optical clipping, and
the generation of transverse spatial modes.

We now examine a mathematical model of the effect of
the nonlinearity of an optical medium on the propagation
constante of an electromagnetic wave that takes into ac-
count the pumping inhomogeneity over the strip width due to
a voltage drop in the depth of the substrate.

We have showhthat the Helmholtz wave equation for
the amplitudeu of an electromagnetic wave, averaged over
the cavity length and in the absence of any spreading of
charge carriers in the active region, has the form

1.0r

0.5F

=
[~
T

A 2dzu+ = it s i+1 0 L
271_ dy2 (8i S)U 801+,BTNcI)u_ 1 ( )
wherey is the coordinate along the cavity length,is the
vacuum wavelengthg; is the dielectric permittivity at the

inversion threshold is the propagation constant of the elec-
tromagnetic wavege is the change in the dielectric permit-
tivity when the excitation level is increased from the inver-
sion threshold to the lasing thresholids (G7— Ny,)/(Ny,
—Ng) is the relative excess in the pumping density above
threshold,8 is the differential gain coefficient; is the spon-
taneous lifetime of the charge carriefdy is the photon
00 4w -20 0 20 u0 60 concentration( is the volume pump density, amdl, andN
0, deg are the charge carrier concentrations at the lasing and inver-
FIG. 4. Spatial distribution of the far-field emission from laser V12152-2 ston thres-hOI-ds’ .respectlvely. , :
The-srﬁooth curves are experimental plots and the dashed curves are ca-lcu— The distribution of the current over the width of the strip
lated for the case of a cosine distribution of the amplitude of the electroNas been calculatdédy conformal mapping for the case of
magnetic wave at the cavity mirr¢e) and for wave packets withy,=1 an infinite laser widthc. We used the transformation
anda=0.2<10* cm™* (b) anda=0.3x10'cm™* (o). I/l a— 1.1, b—  w=sinz and obtain a solution for a laser of finite width. The
2,c—3 calculations showed that the current density increases nearly
quadratically toward the edges of a mesastructure. It should
be noted that this solution is true in the case where the sub-
strate resistance exceeds the differential resistance of the
(Fig. 4a. Here nonequilibrium charge carriers are “burnt p—n-junction. By conformal mapping we obtained the fol-
out” in the center of the active region, their concentrationlowing expression for the substrate resistance:
falls off somewhat, and, according to our calculatidrikis

)
o
T

Intensity, arb. units

D

=
o
T

051

leads to an increase in the propagation constamf the Rf%, 2

electromagnetic wave and, therefore, to a shift in the output ol (m

wavelength\ to longer wavelengths. where o and h are the conductivity and thickness of the
As the current is increased further>2l,,), the side substrate, respectively.

lobes in the directional diagram of the output increésgs. In our lasersRy is commensurate with the differential

4b and 4¢ and it can be assumed that nonequilibrium currentesistance of the —n-junction of the laser in the stimulation
carriers accumulate at the edges of the strip because of loregime. During the transition to the lasing regime, the differ-
surface recombination and the low intensity of the laser lightential resistance of the laser decreases sharply and becomes
this creates conditions for the generation of transversenuch less than the substrate resistance. Thus, we assume that
modes. Increasing the carrier concentration in the strip rethe pumping at the edge of the strip rises compared to its
duces the propagation Cons’[a}]t of the e|ectromagne[ic middle only in the Iasing regime. Then the relative excess of
wave and, therefore, reduces the wavelength the pumping density above threshoidcan be expressed as
There is yet another reason for buildup of charge at thé function of the coordinate along the width of the strip by
edges of the strip besides low surface recombination. It is 2y>2
b

hidden in the inhomogeneity of the pumping by the current  i=i,
in the region of the strip. Because of the large difference in

area between the substraies width c=500um) and the whereig is the pump density at the center of the strip, and
strip (its widthb=16 um) (Fig. 1), the current density at the k=(c/2h)—1 is a coefficient which depends on the ratio of
edges of the strip is very much higher than in its center, anthe width of the substrate to its thickness and-i$.5 in our
this causes buildup of nonequilibrium charge carriers in-case. This value df yields a ratio of the current densities at
jected from the substrate, an associated reduction in the réhe edges and center of the strip-eR.5.

1+k , (3
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Let us assume that many spatial modes are generated, 8t !, respectively. They give a lower emission intensity at
that the emission intensity is roughly the same over the widthhe edges than observed experimentally. This difference may
of the strip and is specified by the pumping at its ceriter, be explained by the simplifications in our calculations or by
The pumping at the edges of the strip is expended mainly ifhe independent generation of higher-order transverse modes.
raising the concentration of nonequilibrium carriers and |t should be noted that this solution is valid for currents
spontaneous emission. As a result, we h@v&lo=io. Now  that ensure localization of the wave through an enhanced
the wave equatiofl) takes the form of the linear harmonic charge carrier concentration at the edges of the strip as the

oscillator equation current rises. This corresponds to the condition &t@)?
> 2 i 5 >1. Then the minimum current at which the solution will be
(M d_”+32(_58 )'_Ok(E y2U=(eq—2)U valid is given by
2m) dy? 2 1+iy \b o ’ bpl2 -1
. a
@ o min= k(_580)(§> -1 ®
whereey, is the dielectric permittivity at the lasing threshold. o )
lts solution can be written in the form of a sum of the At lower currents, the solution is more complicated.
eigenfunction¥’ In our lasers, withk=1.5, dgq=—0.04, N\=3.3um,
andb=16 um we obtain a minimum relative excess pump-
un:Nane*“ZVZ’z, (5) ing above thresholdig mi;=0.4, in the middle of the strip.

The conditionig mip— yields a minimum strip width for

wheren is an integer 0,1,2,.; n=0 corresponds to the .,ntainment of a wave of

longitudinal moden=1 to the first transverse mode, etc.;

a 12 bminzz—)\y (9)
N,= W , m\(— Seg)k

a

which is of orderb,,,=9 um for our structures.
L, The maximum reduction in the propagation constant of a
Hy=(—1)"¢ &—gne*g , E=ay, wave packet ag, increases from 0 te is given by
~ 1) 2x
5 4 Ig Aema= n0+§ ﬂ__b\/(_éso)k (10)

@ =\p VT ook

and forng=1/2, As,,,=0.032. We find the corresponding
A preliminary estimate of in our lasers fon=3.3um,  reduction in the laser wavelength using the formula
b=16um, deo=—0.04 andip=1 gives 0.X10*cm 1. ~
Only the longitudinal and first transverse modes can lie A)\_A“ (11)

within the confines of the active region for these valuea of 2

The propggﬁltlon constant of the e|ectromagnetlc_ WaV&he calculated value of the maximum reduction in the wave-
along the cavityg, depends on the quantum numipeonio  |ength due to nonuniform inflow of current into the strips

and, therefore, on the current, from the substrate i\\,,,=41A for our lasers, or only
1\ 21 K 22% less than the experimentally determined 50 A. However,
en=emn—| N+ > _b‘ [(— 580)1:1_ . (6) it should be pointed out again that not all orders of spatial
T |0

modes show up in our samples, but primarily the longitudi-
nal and first transverse mode. Because of this circumstance,
I:Ee emission intensity near the edges of the strip is lower
than in the center, which further increases the carrier concen-
tration at the edges of the strip. In the first approximation, the

equation for a linear harmonic oscillator has the form of agggf'c_'l?hmk thus mcreaseshby %1 aw)‘max mcreasesb by
minimizing wave packet oscillating around the coordinate>" " us, we can say that there is agreement between

origin. The wave pack&t corresponds to the wave number theory and experiment.

The propagation constan}, decreases sublinearly as the
current rises and approaches saturation, in qualitative agre
ment with experiment.

At the same time, the general solution of the Sdimger

1
CONCLUSIONS
no~5(ayo)?, @

In the lasers based on InAsSb/INAsSbP solid solutions
wherey, is the deviation of the center of gravity of the that we have studied, the emission wavelength retunes when
packet from the coordinate origin. For our valuesagfonly  the current is changed. The overall shift in the spectral posi-
the longitudinal and first transverse modes of the linear hartion of the mode to shorter wavelengths wa§0 A. Since
monic oscillator lie within the confines of the strip. Thyg,  the retuning was the same for different ways of powering the
corresponds to the position of the maximum of the first transsamples, we may assume that there was negligible heating of
verse mode, for whiclky,=1. Equation(7) yieldsn,=1/2.  the laser during a current pulse. The directional diagram con-
The directional diagrams for wave packets wiilip=1 are  tained one longitudinal mode, which was supplemented by
shown in Figs. 4b and 4c fow=0.2x10* and 0.3 10* transverse modes as the current was increased. The strongest
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The photoluminescence spectra of type-Il ZnSe/BeTe superlattices are investigated. Giant linear
polarization of the luminescence is observed with unpolarized excitation in the spatially

indirect exciton region. The effect is interpreted in a model of the general optical anisotropy of
heterostructures with no common atom at the interfaces1989 American Institute of
Physics[S1063-782809)01709-3

Several papers on the study of in-plane optical anisotxX 20 superlattices with ZnTe—ZnTe, BeSe-BeSe, and
ropy of heterostructures with no common atom at the interBeSe—ZnTe interfaces were investigated.
faces such as InAs/GaSb afldGa)/InP have recently been The unpolarized photoluminescenéd.) spectra of such
published: =3 The optical anisotropy is attributed to a lower, superlattices have been investigated in Refs. 5 and 6. Two
compared with the interior volume, symmetry of an isolatedexcitonic resonances with energies of the order of 2.8 and 2.0
interface between two semiconductors with zinc blendesV appear in the PL spectra. These resonances are due to a
structure. In heterostructures with a common atom at thepatially direct exciton in ZnSe and an indirect exciton with
interfaces, for example, AlAs/GaAs, the interfaces in a quana hole localized in the BeTe layer and an electron in the
tum well (QW) transform into one another under a rotation ZnSe layer.
by 90° and a mirror reflection in the well plane. This in- We measured the degree of polarization of the PL spec-
creases the general symmetry of the structur®ig. For  train the temperature range 6—70 K. Both linear and circular
structures with no common atom at the interface, the interpolarizations of the PL were investigated. A 441.6-nm
face consists of two atomic layers — anionic and cationicHe—Cd laser was used for excitation; this is only negligibly
There are therefore four different combinations of direct anchigher than the energy of a direct exciton in ZnSe. Linearly
inverse interfacesfor example, for InAs/GaSh the combina- polarized, circularly polarized, and unpolarized excitations
tions are GaAs—GaAs, InSb—InSb, GaAs—InSb, and InSbh-were used.
GaAs. For identical interfaces the general symmetry of the It was observed that irrespective of the excitation polar-
structure remaind,,y, just as for QWs with a common ization, the photoluminescence signal of the indirect exciton
atom, and no optical in-plane anisotropy arises. At the sames linearly polarized along thgL10] axis. The degree of po-
time, for QWs with different interfaces a transformation larization depends strongly on the types of interfaces. For a
which transforms interfaces into one another does not existtructure with nominally equivalent ZnTe—-ZnTe interfaces it
and the general symmetry of the system is lowere@ o, does not exceed 50% and for BeSe—BeSe it does not exceed
for which polarization anisotropy is now possible. Micro- 15%, while the polarization reaches 70% and higher for the
scopically, the appearance of such anisotropy can be attrilronequivalent pair BeSe—-ZnTEig. 1).
uted to mixing of the light and heavy holes under normal  In the theoretical studié$ the effective-mass method
incidence at the interface, as predicted in Ref. 4. Experimenwith boundary conditions of a special form was used to de-
tally, such anisotropy was first observed by Voldior struc-  scribe interfacial mixing of light and heavy holes. It was
tures with quantum wells based on IlI-V semiconductors. shown that for typical IlI-V type-l heterostructures the de-

In this paper we present the results of an experimentagree of polarization does not exceed 20%. In the experimen-
study of this effect for type-Il ZnSe/BeTe quantum wells. tal studies, the same effect reaches 40% for the same struc-
This system is chosen because the spatially indirect excitonitures. Therefore the effect is much stronger in structures of
transition can be strongly tied to an interface and thereby beur type than in previously investigated structures.
more sensitive to the interfacial properties. Such a large enhancement of the effect could be attribut-

The samples were grown by molecular-beam epitaxy oried to a strong localization of a spatially indirect exciton at
a GaAs(100) substrate. The types of interfaces were moni-the interface. The possibility of an exciton being localized
tored during growth. Three types of ZnSe/Be160/50 A near an interface in these structures was already pointed out

1063-7826/99/33(9)/3/$15.00 996 © 1999 American Institute of Physics
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FIG. 1. Polarized photoluminescence spectra at 6 K temperature from a spatially indirect exciton in the superlattice Z1Sa0B%&T80 A X 20 periods
with different types of interfaces: a (BeSe—(ZnTe); b — (ZnTe—(ZnTe); c — (BeSe—(BeSe. The excitation light is linearly polarized in tH400]
direction.

in Ref. 7 on the basis of an analysis of the photolumines-
cence spectra with a high level of excitation. In Ref. 8 it was
indicated on the basis of secondary-electron emission tha
band bending near a heterojunction is a possible localizatior
mechanism. To check this conjecture we investigated short
period superlatticeéSLs) ZnSe/BeTe 40R A . Localization 2
should be much weaker in such a superlattice because th§
quantum-well energy of the hole is higher and, as a result.g
the hole wave function should be smeared over the entire®
well. We did not observe measurable linear polarization of 2

photoluminescence for such short-period SLs for any combi-&
nation of interfaces. %

It follows from symmetry considerations that there _,
should be no linear polarization in an ideal structure with &
equivalent interfaces. However, we observed quite strong
linear polarization in our test samples. The reason could be
that in real structures the direct and inverse interfaces are
different. Such nonequivalence is due to the large difference
in the chemical activity of Be with respect to Zn and Se with
respect to Te. The high chemical activity of Be degrades the
quality of both interfaces grown on a BeTe layer as com-
pared with growth on a ZnSe layer. Low interfacial quality Wavelength, A
leads to an Ir_]crease Ir_] nonra(_jlatlve recomblnapon. Cons%IG. 2. Degree of polarization of PL versus the temperature, along the
quently, the direct and inverse interfaces make different Congincipal axes of a structure for the superlattice ZnSe/BdD6 A /50 A) x
tributions to the total signal. In turn, this makes possible20 with asymmetric interface@eSe—(ZnTe).

6000 6200 6400 6600 6800
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linear polarization of PL for other structures with nominally interface. The large magnitude of the effect can be explained

equivalent interfaces. A built-in electric field, present be-by strong hole localization at interfaces in type-Il structures.

cause of band bending, as previously indicated, could be This work was supported by the program “Support for

another reason for symmetry lowerifg. Young Scientists of the Praesidium of the Russian Academy
Figure 2 shows the temperature dependence of the Pbf Sciences,” the Russian Fund for Fundamental Research

spectra. It is evident from the figure that in the temperaturdGrant No. 98-02-18234and the German Scientific Society

range considered here the degree of linear polarization réSFB 410.

mains the same and only the signal amplitude decreases.

This behavior indicates that the polarization of PL is causedE-Mail: Alexei.Platonov@pop.ioffe.rssi.ru

not by thermalization between two weakly split levels, but

rather by the difference in the transition probabilities be- | o

tween the[110] and[110] orientations. This makes it pos- zo' Krebs and P. Voisin, Phys. Rev. LETH, 1829(1996.

] : : ) O. Krebs, W. Seidel, and P. Voisin, Inst. Phys. Conf. 386, Chapter 12
sible to compare our results directly with the results obtained (proceedings of the 23rd International Symposium on Compound Semi-
by other authors using absorption spectroscopy. Moreover, conductors St. Petersburg 1996, edited by M. S. Shur and R. A. $uris
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calized on interfacial defector example, well-width fluc- (¢ ‘petersburgao, 1925(1998 [Phys. Solid Statd0, 1748(1998].
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The latest results obtained in the development of high-power devices based on wide-gap
semiconductors are examined. It is shown that at present silicon carbide remains the most
promising material for high-temperature, radiation-resistant, high-power electronics.

Certain factors involving a wide commercial adoption of SiC-based devices are examined.

© 1999 American Institute of PhysidsS1063-782809)01809-9

In modern semiconductor physics there are now two Published data on the average values of the parameters
very rapidly developing directions of work) thanging the of silicon carbide, which are used to calculate the figures of
properties of a material by modifying the geometric dimen-merit listed above, are presented in Table I.
sions of the structures, i.e., the physics of nanostructures, and The computed relative values of five figure-of-méfih)

2) the development and study of new semiconductor materiparameters for 8- and 4H-SiC, Si, GaAs, GaP, GaN, AIN,
als. and diamond are presented in Table Il. In the calculation the

Important work in the second direction involves the values of the parameters for Si were taken as the unit of
study of wide-gap semiconductors. The potential possibilitiesneasurement. Table Il also indicates whether a given semi-
of wide-gap materials for creating semiconductor devicesonductor is a direct- or indirect-gap semiconductor and
were analyzed a long time ado’ Band gaps larger than in whether a large-diameter substrate consisting of the same
Si and GaAs give these materials the following advantagesmaterial is present+) or absen{—). The first factor largely

@ a larger operating temperature range; determines the application of a given material for optoelec-
@ ability to construct visible-range, light-emitting tronic devices. The second factor determines the application
devices based on these materials; possibilities of the scientific results in commercial produc-
@ high critical breakdown fieldsE_,); tion. As one can see from the tables, silicon carbide is better
@ high radiation resistance. than Si, GaAs, and GaP with respect to all criteria considered

As we know, special quality criteria — figures of merit by us. At the same time, GaN and AIN are better than SiC in
(fm) calculated using the basic physicochemical properties oferms of several parameters. Aftern structures and then
a semiconductor — have been proposed for comprehensiuieEDs and GaN-based lasers were develdbe@aN was
accounting of the possibilities of a semiconductor material. found to be unequaled for optoelectronic devices based on
Johnsoh has proposed to use the productsf and the  wide-gap materials. GaN is also a strong competitor for sili-
saturation rat&/,as a figure of merit JM, which determines con carbide in creating field-effect transistdrsiowever,
the operating limit of a conventional transistor: GaN and AIN so far do not have substrates made of the same
IM=(E Vs m)?. Later, the following criterion was de- material; they are grown by heteroepitaxy using substrates
fined: KM =\ (Vea/e)Y? (e — permittivity of the semicon- consisting of other materials, including silicon carb?d8.
ductor,A — thermal conductivity, where the switching rate This leads to a very high dislocation density in the films
of a transistor operating as a logic element of a computer wag> 10" cm™2), which for now limits the application of these
taken into accourft.Baliga® has proposed yet another figure
of merit BM for evaluating a semiconductor material. It is
related to the operatlng losses of high-power field-effect trans ag| £ | The basic parameters of some semiconductors.
sistors: BM = pusEZ (u — mobility of current carriers
However, this criterion was associated primarily with ohmic Parameter
losses and was used to assess the possibilities of a semicon- E, E,, Ve, N 1 i,
ductor from the standpoint of Iow -frequency devices ForMateria| eV 16 Viem 10 cm/s Wicm-K) crr12/(V S) cnP/(V-s)

switchings must also be examined. The criterion BREZ, S 11 0.3 1 15 600 1500
based on the assumption that losses due to switchings aﬁé;As ;';3 g'g 1 5 (()).4;5 1(5)8 Sggg
caused by the recharging input capacitance of a device, Wgg, gic 35 3 5 49 50 1000

proposed in Ref. 6. Other important parameters for selectingan 345 >1 22 1.3 850 1250

materials for high-powered devices are the thermal propemiamond 545 10 2.7 22 1600 2200
ties of a semiconductor. A figure of merit which takes into AIN 6.2 ? ? 2 14 ?

account these properties has been proposed in Ref. Roe: 4p and u, — hole and electron mobilities, respectively; — band
QFl—)\,u,sEcr gap.

1063-7826/99/33(9)/3/$15.00 999 © 1999 American Institute of Physics
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TABLE Il. The values of normalized figures of merit and a number of other parameters for certain
semiconductors?

Existence of a
like substrate

IM = KM = BM = BH= QF= T, Tp, Band-gap with diameter
Material  (EqVead m)2 MN(Veal€)Y? euES  wEZ  NepE: K K  structure =1 inch
Si 1 1 1 1 1 410 645 Indirect +
GaAs 11 0.45 28 16 9.4 570 344 Indirect +
GaP 37 0.73 16 3.8 9.4 800 445 Indirect +
6H-SiC 260 5.1 90 13 300 1200 1200 Indirect +
4H-SiC 410 5.1 290 34 950 1230 1200 Indirect +
GaN 790 1.8 910 100 910 1250 600 Direct -
Diamond 5330 31 14860 1080 198100 2100 1860 Indirect —
AIN 5120 2.6 390 14 660 2100 747 Indirect -

Note: To,er— Operating temperaturd,, — Debye temperature.

materials for high-power semiconductor devices. Moreovergroepitaxy of GaN. In contrast with growth on sapphire, the
as shown in Refs. 1 and 11, for wide-gap semiconductors themaller lattice mismatch and closer match of thermal expan-
Debye temperatur@p, which determines the limit of ther- sion coefficients make it possible to obtain structurally more
mal stability of a semiconductor, should be considered orperfect epitaxial GaN layers based on $fMoreover, a
par with the maximum operating temperatdig,,, Whichis  conducting SiC substrate makes it possible to use a vertical
determined by the band gap of the materiall )< T, the  device geometry, which greatly simplifies the technology.
maximum working temperature decreases. As one can see One of the main problems in producing SiC-based semi-
from Fig. 1 and Table Il, with respect @©p and T, the  conductor devices is the low quality of single-crystal sub-
semiconductors GaN and AIN are not as good as SiC. strates. The dislocation density in commercially produced
Diamond is superior with respect to the figures of merit(CREE Inc., USA substrates is f3-10°cm™2, and they
and the maximum operating temperatures. However, for nowontain extended micropipes. The existence of such defects
it is impossible to obtain single-crystal diamond layers bylimits the operating area of the devices produced. For high-
heteroepitaxy, and diamond substrates have a small area aftdquency transistors this deficiency is not so limiting and
are rather expensivé.Moreover, there are definite difficul- devices of this type based on SiC can operate in the gigahertz
ties in obtaining high-qualityp—n structures for diamond. range, and, with respect to their parameters, they are essen-
In the last decade the full potential application of silicon tially at least as good as Si- and GaAs-based transitaxs.
carbide has been realized. The maximum values of the pdahe same time, even though it has no material advantages
rameters obtained for certain types of semiconductor devicefsom the standpoint of the breakdown voltage, carrier mobil-
are presented in Table Ill. The first industrially producedity, and drift saturation rate, GaN makes it possible to obtain
SiC-based devices were blue LEDs. However, after highheterostructures based on the solid solutions AIGaN—-GaN,
quality GaN-baseg—n structures were produced GaN took with a two-dimensional electron gas. However, because of
the leading position in the development of optoelectronicthe large number of polytypes, SiC also has great potential
devices. possibilities from the standpoint of producing heteroepitaxial
Single-crystal SiC substrates are now produced commesstructures. Thus it is difficult to say right now which of the
cially. They are used for growing SiC itself and for het- wide-gap material will be the main material in the future for
producing microwave-range devices. According to assess-
ments by specialists, by the year 2000 SiC-based field-effect

r— - transistors will be wused in commercially produced
2000 - ¢ electronics™®
L The high defect density in substrates and epitaxial layers
1500 —
X .
8 - ﬁ-SiC'“ SiC TABLE lll. The parameters of certain devices based on SiC.
& 1000+ ,
5 B Si ° Device type Parameters and references
* o
s |- Ge ooy AW Schottky diode Uy=3 (Ref. 3
* Ga‘;g Gap Diode U,=5.5 (Ref. 14
B | | ' | | Thyristor U=700, | nay=1.5 (Ref. 15
1 [ 1 1 1 T _ _
MESFET fmax=40, Wp0=3.3 (Ref. 16
0 rooz g5 4 5 67 MOSFET Up=2.6 (Ref. 17
E_ eV

g’

FIG. 1. Debye temperaturg, and maximum operating temperaturg,e,
versus the band gap for certain semiconductors.

Note: U,, — maximum operating voltagé); — switching voltage) j.x—
maximum operating currenf,,,, — maximum operating frequencyyax
— maximum power level.
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opment of high-power devices. The maximum breakdown8(1989-
voltages, on the order of or greater than 1 kV, generally have,S: Nakamura, MRS Bull22, 29 (1997).
been attained fop—n structures with a diameter on the order logA'TS'TSh”.r and M. A. Khan, MRS Bull2, 44 (1997.
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of 100 um. The small working areas made it impossible to | ¢ 72 9451998
obtain on the basis of such devices substantial dc current$y. Henisch and R. RoySilicon Carbide(Mir, Moscow, 1973, p. 17.
and, correspondingly, it is difficult to call such devices high*?S. Sussman, J. R. Brandor, G. A. Scarsbrook, C. G. Sweeney, T. J. Val-
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The z_idvancement Of. the teChnOIO.gy .for growing SUb-1389\§/)\?éhab T. Kimoto, A. Ellison, C. Hallin, M. Timonen, R. Yakimova
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obtain device structures with reasonable dimensions. Beside. Singh, S. T. Allen, and J. W. Palmor, Abstracts of Reports at the 2nd
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buried. Thus, after treatment in melt an epitaxial layer was A. Burk, T. J. Smith, A. W. Morse, and P. A. Orphanos, Inst. Phys. Conf.,
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by sublimation epitaxy, and Schottky diodes based on it pos- J. A. Cooper, Jr., M. A. Melloch, J. M. Woodall, J. Spitz, K. J. Schoen,

and J. P. Henning, Meter. Sci. Foruz64-268, 895 (1998.
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