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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
H2 or D2 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 densities. ©1999
American Institute of Physics.@S1063-7826~99!01909-2#
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In this paper we calculate the surface densities of hyd
gen H ~or deuterium D! atoms on a silicon surface in equ
librium with H2 ~or D2) gas. The chemical potentials of H
~or D! on a surface and the chemical potentials of H~or D! in
gas are required to describe the equilibrium. In addition
the electronic contribution, the chemical potential of a H~or
D! adatom possesses a vibrational contribution, which is
termined by the dynamics of a crystal lattice with impuritie
The chemical potential of H~or D! in gas is known from the
thermodynamics of diatomic gases. The condition that
chemical potential of an adatom is equal to the chem
potential of H ~or D! in gas at thermodynamic equilibrium
makes it possible to find the equilibrium H~or D! surface
density. It is shown that the surface density of D adatom
an order of magnitude higher than that of H adatoms.
simplicity, an unreconstructed~100! silicon surface with the
symmetry of a simple square lattice is considered. We
sume that an adatom with massMH ~or MD) lies above a
surface silicon atom with massM and is bound with the
silicon atom by a force constantg. For low adatom density
in the nearest-neighbors approximation the following char
teristic equation can be obtained for determining the frequ
cies of local vibrations of adatoms:1

12
gv2

v22v0
2

G~v2!50, ~1!

wherev0
25g/M (H,D), andG(v2) is the diagonal element o

the Green’s functions matrix for a semi-infinite crystal.2

In the numerical calculations of the frequencies of t
local vibrations from Eq.~1! it was assumed that the forc
constantg is, to a high degree of accuracy, equal to t
effective force constant for central forces in a Si–Si bond
the surface, i.e.,g58.83104 dynes/cm. The experimentall
measured values of the frequencies of surface vibrat
of adatoms are used below:v loc

(H)53.9631014s21 and
v loc

(D)52.8331014s21 ~Ref. 4!, which are somewhat differen
from the frequencies calculated from Eq.~1!.

The following chemical potentials for the H and D ad
toms are obtained from the vibrational part of the partiti
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function of a crystal with adatoms written in terms of th
frequency distribution function:

msurf
(H,D)5T ln n(H,D)13T lnF2 sinh

\v loc
(H,D)

2T G1« (H,D) . ~2!

Heren(H,D) are equilibrium H or D adatom surface densitie
Since the binding energies of the isotopes are the same,
«H5«D , the difference in the chemical potentials for H an
D arises because of the difference in the frequencies of t
local vibrations,v loc

(H)Þv loc
(D) .

The chemical potentials for H and D gas are obtain
from the condition of equilibrium for the dissociation rea
tion H252H ~or D252D) and from the chemical potentia
of a molecule consisting of two identical atoms5

mgas
(H,D)5

1

2 FT ln P(H2 ,D2)2cpT ln T2z (H2 ,D2)T

1
\v (H2 ,D2)

2
1«0G . ~3!

Here PH2
and PD2

are the pressures of the correspondi
gases,cp is the specific heat at constant pressure,

zH2
5 lnF I H2

\5
S MH2

2p
D 3/2G ,

zD2
5 lnF I D2

\5
S MD2

2p
D 3/2G

are, respectively, the chemical constants of hydrogen
deuterium gases;I H2

and I D2
are the moments of inertia an

v (H2) and v (D2) the vibrational frequencies of H2 and D2

molecules, and«0 is the binding energy of a molecule in ga
Substituting the chemical potentials~2! and~3! into the con-
dition of thermodynamic equilibrium

msurf
(H)5mgas

(H) , ~4!

msurf
(D)5mgas

(D) , ~5!
2 © 1999 American Institute of Physics
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gives an equation for the surface densititesn(H) and n(D).
Since the local vibrational frequenciesv loc

(H) andv loc
(D) satisfy

\v loc
(H) , \v loc

(D).T and sinceI H2
/I D2

5MH2
/MD2

, the ratio of
the adatom densities is

n(D)

n(H)
5S MH2

MD2

D 5/4

expF3\@v loc
(H)2v loc

(D#

2T G
3expF\v (D2)2\v (H2)

4T G . ~6!

The first exponential factor, which contains the difference
the local vibrational frequencies of H and D, makes the m
contribution to this expression. Sincev loc

(H).v loc
(D) , the deu-

terium density is much higher than the hydrogen dens
Our calculation showed that at temperaturesT5600
2700 K typical of this technology this ratio is of the order
10. It is entirely likely that the difference in the dynamics
the vibrations of H and D isotopes is one of the factors t
explains the large isotopic effect in MOS transistors. T
n
n

.

t
s

effect has been observed in Ref. 6, where hydrogen pass
tion of a silicon surface was replaced by deuterium pass
tion.
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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. ©1999 American Institute of Physics.
@S1063-7826~99!02009-8#
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The term ‘‘silicon carbide’’ denotes essentially an ent
class of semiconductor compounds, since SiC can crysta
in various modifications — polytypes. The polytypes of S
with the same chemical composition can differ substantia
with respect to their electrical properties. For example,
band gaps range from 2.4~3C-SiC! to 3.3 eV~2H-SiC!. This
makes silicon carbide a promising material from the sta
point of producing various types of heterostructures.

It was found in Refs. 1–3 that when certain impuriti
are introduced into the growth zone of SiC layers, epitax
films with a polytype different from that of the substra
employed can be obtained. The introduction of the rare-e
elements Sc and Tb, as well as Al and B, for example,
sulted in growth of epitaxial layers of 4H-SiC on 6H-SiC
substrates. The most efficient transformation of the polyt
of the growing layer 6H ⇒ 4H was observed with the intro
duction of group-IV impurities Sn, Pb, and Ge. Group
impurities ~nitrogen and phosphorus! gave rise to growth of
the 3C-SiC polytype.

It was also found that the Si:C ratio in the growth zo
strongly affected heteropolytypic epitaxy. Thus, increas
the Si concentration increased the likelihood that 3C-SiC or
other polytypes with a low percentage of hexagonality w
form. At the same time, the introduction of excess carb
made it possible to grow on 6H-SiC substrates 4H-SiC epi-
taxial layers also from Gd and Dy melts.3 In Ref. 1 it was
also noted that a transformation of the substrate polyt
occurs especially easily for growth in the~0001!C direction.
The temperature and rate of growth had virtually no effect
the heteropolytypic epitaxy. The formation of 3C-SiC layers
on 6H-SiC substrates is also possible during sublimat
growth in excess silicon with no additional doping.4

Since the nature of polytypism is still unclear, it is qui
difficult to understand the nature of heteropolytypic epita
Besides the impurity composition of the growth zone,
seems that various factors can influence the likelihood
heteropolytypic epitaxy — from thermodynamic~pressure,
temperature! to crystallographic~orientation and defect den
1001063-7826/99/33(9)/3/$15.00
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sity of the substrate!. It was found in Ref. 5 that the use o
6H-SiC Lely substrates with high dislocation density~of the
order of 105 cm22) in the standard~for growth of 6H-SiC
layers! sublimation epitaxy process results in the growth
3C-SiC epitaxial layers.

In Refs. 1 and 6 heteropolytypic epitaxy processes w
attributed to the stoichiometric composition of various po
types of SiC. Previously, it was observed that the concen
tion ratio @Si#/@C# varies in different polytypes of SiC an
decreases with increasing percentage of hexagonality. It
shown that the ratio@Si#/@C# was 1.046, 1.022, and 1.001 fo
the silicon carbide polytypes 3C, 6H, and 4H, respectively.7

The data on diffusion and solubility of impurities in variou
SiC polytypes examined in Ref. 1 also attest to a differ
concentrations of vacanciesVC. In Ref. 1 these data wer
explained by the fact that as the stresses in the lattice
crease with increasing concentration of carbon vacanc
bonds between atoms at cubic sites become energeti
more favorable. This is what leads to rearrangement of
crystal and transformation of the polytype. The influence
doping on heteropolytypic epitaxy can then be explained
terms of the introduction of impurities that occupy the ca
bon lattice sites, which accounts for the decrease in conc
tration of VC and for the stimulation of growth of epitaxia
films with a higher percentage of hexagonality than the s
strate employed. When impurities occupying silicon sites
introduced, the concentration of vacanciesVC increases and
correspondingly, films with a lower percentage of hexag
nality than the substrate used by us grow.

Our investigations made it possible to observe at le
three types of deep centers, which have similar parame
and which participate in similar radiative-recombination pr
cesses in various polytypes of SiC. Comparing the ene
position of the levels in the bottom half of the band gap
4H-SiC and 6H-SiC, it is evident that most levels lie insid
the two rather narrow bands in the band gap:Ev1(0.5
20.6) eV (D band! andEv1(0.220.3) eV (L band! ~Fig.
1!. A D center, anI center, and a scandium level lie in th
4 © 1999 American Institute of Physics
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first band; a deep aluminum level, a gallium level, and aL
center lie in the second band. A boron level is also presen
~4H-SiC! or near~6H-SiC! the edge of theL band. In the top
half of the band gap the 4H-SiC and 6H-SiC levels are dis-
tributed uniformly, and it is impossible to distinguish an
bands that are common to both polytypes.8 Since the param-
eters of centers of one type, formed in the bottom half of
band gap of different polytypes of SiC, are approximat
the same, it can be inferred that such bands are also pre
in other polytypes of silicon carbide. This is supported by
fact that the characteristics are similar and the shift of
maxima of the main electroluminescence bands in differ
polytypes of SiC is proportional to the band gap.

The formation of such bands in the band gaps of diff
ent polytypes of SiC attests to the presence of centers c
acteristic of SiC as a whole and related to the valence ba
whose structure in various polytypes is similar. It can also
inferred that each band is related to a ‘‘basic’’ center t
consists of intrinsic defects~an i center in the first case an
an L center in the second case!, which can interact with the
impurity atoms introduced and form other centers with sim
lar parameters.

Figure 2 shows the average density of three intrin
defects~i, D, and L centers! in epitaxial 6H and 4H-SiC
layers obtained by sublimation epitaxy.9 As is evident from
Fig. 1, there is a rather good correlation between the decr
in the density of carbon vacancies (VC) and the increase in
the percentage of hexagonality of the polytype~D! and the
decrease in the density of intrinsic defects.

Data obtained by various authors, who assumed thaVC

vacancies participate in the formation of different centers
that individual vacancies merge into stable clusters,10,11 also
support the idea that carbon vacancies are the main comp
forming defect in SiC. We note that a number of impuriti
~Sc, B, Al! employed in SiC heteroepitaxy1 form deep cen-
ters in the above-notedL and D bands. The model of het
eropolytypic epitaxy proposed in Ref. 1 can also be int
preted as follows. Each polytype of SiC corresponds to

FIG. 1. Arrangement of known deep centers in the bottom half of the b
gap in 6H-SiC.
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equilibrium concentration of defects~carbon vacancies!,
whose variation due to the addition of impurities that gen
ate excess defects or, conversely, bind vacancies into c
plexes, accounts for the heteroepitaxy of films of polytyp
whose degree of hexagonality is lower or higher, resp
tively, than that of the substrate. Thus, the introduction of
during heteroepitaxy of 4H-SiC films on 6H-SiC substrates,
for example, leads to the formation of a deep center, wh
seems to bind vacancies into complexes and decreases
concentration to values characteristic of the 4H-SiC poly-
type.

It is well known that irradiation of semiconductors lea
to the formation of a large number of defects, vacancies,
interstices in them. During subsequent annealing they
grate, recombine, and merge into complexes. For SiC,
increase in the concentrations ofL, D, and i centers, which,
as noted above, are associated with carbon vacancies,
observed after irradiation and implantation.12–14

Let us assume that a double-layer SiC structure,
layer of which was doped with an impurity capable of bin
ing a carbon vacancy, has been subjected to irradiation
subsequent annealing. The concentration of deep acce
then will increase in this layer without a change in the crys
structure of the material. In the undoped layer, however,
concentration of vacancies formed after irradiation can
higher than the equilibrium concentration for the given po
type, and the stresses arising in the crystal lattice will lead
a transformation of the polytype.

If the mechanism for producing heteropolytypic stru
tures, which has been examined above, is realizable in p
tice, then irradiation could become a method for produc
SiC-based heterojunctions. The results obtained in Ref.
where it was found that inclusions of the polytype 3C-SiC
appeared in photodiodes which are based on 6H-SiC and
which are degraded as a result of application of a dir

d
FIG. 2. Density of carbon (Nv

C) and silicon (Nv
Si) vacancies and the averag

density of deep acceptor centers (Ndc) in epitaxial layers prepared by sub
limation epitaxy as a function of the degree of hexagonality~D! of the SiC
polytype.7 The numbers on the curves correspond to vacancy concen
tions:1 — Nv

Si , 2 — Nv
C and the concentration (Ndc) of centers of the type

i ~3!, D ~4!, andL ~5!.



s

la

,

z.

r-

97

-

on

.

1006 Semiconductors 33 (9), September 1999 A. A. Lebedev
current, show that transformation of the polytype of a
grown epitaxial structures is possible.

* !E-Mail: shura.lebe@pop.ioffe.rssi.ru

1Yu. A. Vodakov, G. A. Lomakina, and E. N. Mokhov, Fiz. Tverd. Te
~Leningrad! 24, 1377~1982! @Sov. Phys. Solid State24, 780 ~1982!#.

2Yu. Vakhner and Yu. M. Tairov, Fiz. Tverd. Tela~Leningrad! 12, 1543
~1970! @Sov. Phys. Solid State12, 1213~1970!#.

3Yu. A. Vodakov, E. N. Mokhov, A. D. Roenkov, and M. M. Anikin
Pis’ma Zh. Tekh. Fiz.5, 367 ~1979! @Sov. Tech. Phys. Lett.5, 147
~1979!#.

4Yu. A. Vodakov, G. A. Lomakina, E. N. Mokhov, and V. G. Oding, Fi
Tverd. Tela~Leningrad! 19, 1812~1977! @Sov. Phys. Solid State19, 1695
~1977!#.

5A. A. Lebedev, inAbstracts of Reports at the 19th International Confe
ence on Defects in Semiconductors~Averio, Portugal, 1997!, p. 239.

6Yu. A. Vodakov and E. N. Mokhov, Inst. Phys. Conf. Ser., No. 137, 1
~1994!.
- 7N. D. Sorokin, Yu. M. Tairov, V. F. Tsvetkov, and M. A. Chernov, Kri
stallografiya28, 910 ~1983! @Sov. Phys. Crystallogr.28, 539 ~1983!#.

8A. A. Lebedev, Fiz. Tekh. Poluprovodn.33, 129 ~1999! @Semiconductors
33, 107 ~1999!#.

9A. A. Lebedev, inAbstracts of Reports at the International Conference
SiC, III Nitrides and Related Materials~Stockholm, Sweden, 1997!, p. 67.

10R. N. Kyutt, A. A. Lepeneva, G. A. Lomakina, E. N. Mokhov, A. S
Tregubova, and G. F. Yuldashev, Fiz. Tverd. Tela~Leningrad! 30, 2606
~1988! @Sov. Phys. Solid State30, 1500~1988!#.

11A. I. Girka, V. A. Kuleshin, A. D. Mokrushin, E. N. Mokhov, S. V.
Svirida, and A. V. Shishkin, Fiz. Tekh. Poluprovodn.23, 1270 ~1989!
@Sov. Phys. Semicond.23, 790 ~1989!#.

12M. M. Anikin, A. A. Lebedev, A. L. Syrkin, and A. V. Suvorov, Fiz.
Tekh. Poluprovodn.19, 114~1985! @Sov. Phys. Semicond.19, 69 ~1985!#.

13M. M. Anikin, A. A. Lebedev, A. L. Syrkin, and A. V. Suvorov, Fiz.
Tekh. Poluprovodn.20, 2169 ~1986! @Sov. Phys. Semicond.20, 1357
~1986!#.

14G. C. Rubicki, J. Appl. Phys.78, 2996~1995!.
15G. Zeinther and D. Theeis, IEEE Trans. Electron.ED-28, 425 ~1981!.

Translated by M. E. Alferieff



SEMICONDUCTORS VOLUME 33, NUMBER 9 SEPTEMBER 1999
InGaAs/InP heterostructures with strained quantum wells and quantum dots
„l51.521.9 mm…
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Strongly strained InxGa12xAs/In0.53Ga0.47As/InP heterostructures with indium contentx50.69
21.0 in the active region were investigated experimentally and theoretically. Two types
of structures were obtained by vapor-phase epitaxy from metalorganic compounds: 1! with isolated
compression-strained quantum wells and 2! with self-organized nanosize InAs clusters
~quantum dots!. The temperature dependence of the quantum radiation efficiency of samples with
quantum wells in the temperature range 77–265 K is characterized byT0543 K. One
reason for the low value ofT0 is electron delocalization in the active region. The maximum
radiation wavelength obtained in structures with quantum dots is 1.9mm at 77 K. © 1999
American Institute of Physics.@S1063-7826~99!02109-2#
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1. INTRODUCTION

A great deal of attention has recently been focused
producing perfect mid-IR-range radiation sources~1.5–5.0
mm!, which find application in fiber optic communicatio
lines, lidars, and gas analyzers. Solid solutions of III–
semiconductors cover the 1.5 to 2-mm range. Compounds
containing antimony are now being studied extensively1,2

InxGa12xAs/InP heterostructures with strained quantu
wells ~QWs!3,4 or quantum dots~QDs!5–7 also emit in the
indicated range.

In this article we report the results of an expe
mental and theoretical study of strongly strain
InxGa12xAs/In0.53Ga0.47As/InP heterostructures with compo
sition x50.6921.0 in the active region.

2. PREPARATION AND PHOTOLUMINESCENCE STUDIES
OF HETEROSTRUCTURES

Heterostructures with an isolated compression-strai
QW with composition x50.6920.81 ~Ref. 4! and self-
organized nanosize InAs clusters~QDs! ~Ref. 5! were grown
on InP~100! substrates by vapor-phase epitaxy from me
organic compounds at low pressure.

The samples that we grew were heterostructures wh
we did not dope intentionally. These samples consisted
0.2-mm-thick InP buffer layer, a 0.2-mm-thick In0.53Ga0.47As
barrier layer~0.3 mm for QD! at the bottom, lattice-matche
with the substrate, and then InAs quantum dots or
InxGa12xAs quantum well with indium content in the rang
0.69–0.81 and thickness from 25 to 100 Å , as well as a 0
mm-thick ~0.04 mm for QD! ~Refs. 4 and 5! In0.53Ga0.47As
layer on top. The compression strains in the quantum w
which are due to the mismatch of the lattice paramet
range from 1% to 1.8%, depending on the indium conten
the well. For a structure with QDs the growth rate was 8 Å /s
for barriers and 2 Å /s forQDs; the growth temperature wa
1001063-7826/99/33(9)/3/$15.00
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500–600 °C. The amount of InAs deposited varied from
to 7 monolayers~ML !.

Transmission microscopy investigations of the samp
showed that two types of QDs can be identified: with av
age transverse size 50–60 and 10–20 nm.

The band diagram of the heterostructures is shown
Fig. 1. It thus follows that for QW a type-II heterojunction
investigated; in the QW region there is no potential well f
electrons. Depending on the composition of the solid so
tion (x50.6920.81) DEc5(23)2(216) meV and Eg

56642607 meV, the stress-induced splitting of the ligh
and heavy-hole subbands isd5642115 meV, and the QW
depth for heavy holes is 105–175 meV.

The photoluminescence~PL! was investigated in the
temperature range 77–265 K for samples with QWs and
77 K for the samples with QDs. An argon laser (l50.514
mm) with excitation density 1 kW/cm2 served as the sourc
of excitation radiation. Curves of the wavelength of the P
of a QW at the maximum intensity versus the QW thickne
at 77 K were obtained.4 The longest radiation wavelength
1.66 mm. The energies of the electron transitions from t
conduction-band bottom to the first heavy-hole quantu
well level were calculated. It was found that the transiti
energies computed using a rough estimate are 30–70 m
less than the measured values.

The temperature dependence of the half-width of the
diation spectrum for a 50-Å -thick structure with a QW an
x50.73 in the temperature range 77–265 K was determi
in the same manner. At 77 K the half-width is 20 meV a
increases rapidly with temperature.

The temperature dependence of the quantum emis
efficiencyh was measured in the temperature range 77–
K for two structures with QWs:1 — d550 Å , x50.73 and
2 — d530 Å , x50.81 ~Fig. 2!. The parameterT0 was
determined from this dependence using the formula

h5h0exp~2T/T0!, ~1!
7 © 1999 American Institute of Physics
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whereT0540 K for case 1 and 43 K for case2.
Two intense peaks withl51.68 and 1.88mm appear in

the PL spectra measured at 77 K with the formation of In
QDs grown atT5600 °C. The radiative recombination effi
ciency from QDs is approximately an order of magnitu
higher than luminescence from the In0.53Ga0.47As matrix.
Figure 3 shows the energy of these two PL peaks versus
amount of InAs deposited. It is evident that the position
the peaks remains virtually unchanged as the nominal th
ness of the InAs deposited layer varies from 2.5 to 7 M
This is different from the QW case, where the energy of
PL peak decreases with increasing layer thickness. Hen
can be concluded that according to the Stranski�–Krastanov
model, three-dimensional clusters develop up to their crit
sizes determined by the ‘‘equilibrium’’ of the stresses b
tween the matrix and QD materials. In our opinion, the d
obtained indicate the existence of two sizes of QDs in
structure investigated.

FIG. 1. Band diagram of an InxGa12xAs/In0.53Ga0.47As/InP heterostructure

FIG. 2. Temperature dependence of the external quantum efficiencyh for
InxGa12xAs quantum wells:1 — d550 Å, x50.73, T0540 K; 2 —
d530 Å , x50.81,T0543 K.
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Figure 4 shows the dependence of the PL intensity at
K on the amount of InAs deposited for QDs grown at 600 °
With 4–5 ML InAs the maximum intensity is observed fo
the peak withl51.68 mm; for the l51.88-mm peak the
intensity remains nearly constant for 2.5–5 ML and mu
lower. The sharp degradation of the emission characteris
of QDs with thickness greater than 5 ML can be explain
by an increase in the number of dislocations.

The spectral dependences of the PL intensity for In
QDs grown atT5500, 550, and 600 °C were obtained. A
T5500 °C a structure with QDs emitting atl51.91 mm at
77 K was obtained.

FIG. 3. Position of two energy maxima in the 77-K quantum-dot PL spec
versus the nominal thickness of InAs deposited atT5600 °C.

FIG. 4. Intensity of two 77-K quantum-dot PL peaks versus the nomi
thickness of InAs deposited atT5600 °C.1 — l51.68 mm, 2 — l51.88
mm.
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3. COULOMB POTENTIAL WELL FOR ELECTRONS

To avoid discrepancies between the measured value
the radiation wavelengths of QW and the wavelength e
mated in a very simple model4 it is necessary to take into
account that the electrons in the active region are localize
a QW which occurs as a result of the Coulomb attraction
holes. The shape of the Coulomb potential well is det
mined by solving Poisson’s equation.8

The widths of the region occupied by electrons we
determined by solving this equation. We estimated the e
tron density localized in the active region of a strained h
erostructure in the temperature range 77–250 K to be 3
times lower than the hole density localized here. In the
perimental structures with QWs, the rate of the ze
threshold Auger-recombination process9 is also weakened
because the potential barrier for electrons is not vertical
rather varies continuously as a function of the transve
coordinate.10

4. DISCUSSION OF THE RESULTS AND CONCLUSIONS

Our experimental and theoretical studies have sho
that 1.5 to 1.9-mm radiation can be obtained by using hete
structures in a system with strained quantum wells and qu
tum dots InxGa12xAs/In0.53Ga0.47As/InP (x50.6921.0).

For heterostructures with strained quantum wells,
spite the weakening of Auger processes, as the temperatu
raised, the half-width of the emission spectrum increases
preciably and the external quantum efficiency decrea
This behavior is attributable to delocalization of electrons
the active region due to the formation of a wide Coulom
potential well. As a result, the overlap integral of electro
and holes in the region of the quantum well decreases
the fraction of indirect transitions also increases. In additi
in the heterostructures which we studied there is a str
absorption of light by holes with a transition of holes into
spin-orbit splitoff band.11
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Our study shows that efficient radiation sources can
be produced on the basis of these heterostructures wi
small offset (DEg) at the boundaries of the quantum we
and barrier. Switching to InAs quantum dots makes it p
sible to advance to longer wavelengths.

This work was supported by the Russian Fund for Fu
damental Research~Project 98-02-18266! and the program
of the Ministry of Science of the Russian Federation ‘‘Phy
ics of Solid-State Nanostructures’’~Project 2-005!.
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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, alternating~in mutually
perpendicular directions@100# 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 Physics.@S1063-7826~99!02209-7#
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1. INTRODUCTION

In this paper we make a detailed comparison of the
sults of theoretical and experimental studies of the qua
nary solid solutions InGaAsP in the instability region.

2. THEORY

Quaternary solid solutions of the type A12xBxC12yDy

with positive formation enthalpy become unstable with
spect to composition fluctuationsdx(r ) anddy(r ) at a criti-
cal temperatureTc .1–4 The instability means that the fre
energy of a solid solution with modulation of the compo
tion x(r )5 x̄1dx(r ) andy(r )5 ȳ1dy(r ) is lower than that
of uniform solid solution with the compositionx̄ andȳ. As a
result, a uniform solid solution decays into a compositio
modulated periodic structure. Such a thermodynamic ph
transition is called a spinodal decomposition of solid so
tions.

Figure 1 shows regions of absolutely unstable~1!, meta-
stable ~2!, and stable~3! solid solutions, calculated at th
temperatureT5900 K. The solid solutions in region 1 ar
unstable even with respect to infinitesimal composition fl
tuations and the solutions in region 2 are unstable relativ
composition fluctuations of finite amplitude. The comput
value ofTc for InGaAsP is 1275 K~Ref. 4!.

The stability of an epitaxial film of the solid solutio
A12xBxC, coherently coupled with a~001! substrate consist
ing of a cubic crystal, has been investigated in Refs. 5, 6,
7. It was shown that the final state of spinodal decomposi
of a solid solution is a system of strained, i.e., compres
and stretched, domains with alternating composition. D
main alternation occurs in one of the directions of small
compression of the cubic crystal:@100#, @010#, and @001#.
Composition modulation is maximum on a growing surfa
and decreases exponentially into the interior of the filmz
direction!, as shown in Fig. 2.
1011063-7826/99/33(9)/3/$15.00
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3. EXPERIMENTAL RESULTS

I . The InGaAsP epitaxial layers grown on InP~001! and
GaAs ~001! substrates by liquid-phase epitaxy at tempe
tures below the critical temperature (Tgrowth,Tc) possess in
the region of spinodal decomposition a characteristic tw
band photoluminescence~PL! spectrum. As an example
such a spectrum is shown in Fig. 3 for an InGaAsP sam
grown on a GaAs~001! substrate at the temperatureTgrowth

51023 K.
The existence of two bands in the PL spectra of su

samples suggests that the epitaxial layer is nonuniform
consists of two solid solutions with different compositions

II . A periodic diffraction pattern~for example, Fig. 4a!
was obtained on the same samples, using transmission
tron microscopy~TEM!, in the ~200! reflection, which is
sensitive to the composition of the solid solution.

In samples with a planar geometry, intensity~composi-
tion! modulation in the TEM image is observed in mutua
perpendicular directions@100# and @010#. This is an indica-

FIG. 1. Composition diagram for InGaAsP.4
0 © 1999 American Institute of Physics
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tion of the possibility of spinodal decomposition of the so
solution.

InGaAsP epitaxial layers grown in the region of abs
lutely stable solid solutions have a single peak in the
spectra. A periodic diffraction pattern is not observed in
corresponding TEM images of these samples. These
facts show that such epitaxial InGaAsP layers are unifo
solid solutions.

III. Figure 1 shows two experimentally determined
gions of spinodal decomposition of InGaAsP solid solutio
which are isoperiodic with GaAs~001!. The solid solutions
were grown at temperatures (Tgrowth) 1023 K ~continuous
segment! and 1063 K~Ref. 8! ~hatched segment!. As the
growth temperature is raised, the region of compositions
the InGaAsP solid solutions, for which there are, in the fi
place, two bands in the PL spectra~Fig. 3! and, secondly, a
periodic TEM composition modulation pattern~Fig. 4a!, de-
crease appreciably. This indicates that the growth temp
ture is approaching the critical temperature for spinodal
composition.

IV . TEM investigations of InGaAsP/InP~001! epitaxial
layers grown in the region of instability established the e
istence of elastic deformations at the boundaries of reg
with different compositions. In samples with planar geo
etry, TEM patterns in the composition-sensitive~200! reflec-
tion ~Fig. 4a! and in the stress-sensitive~220! reflection~Fig.
4b! were investigated. The repetition period of the altern
ing regions in the~200! reflection is two times smaller tha
in the composition-sensitive~200! reflection. It thus follows
that elastic deformations exist at the boundaries of alter
ing regions with different compositions. The strained pe
odic structure possesses a nearly 100% PL quantum
ciency, which rules out residual deformation~dislocations
due to lattice mismatch of the two solid solutions!.

V. TEM investigations of the transverse section
InGaAsP/InP~001! epitaxial layers revealed the existence
a periodic structure predominantly at the surface of the fi
The periodic structure washes out in a direction into
layer, and it is completely absent at the interface with
substrate~Fig. 5!, which qualitatively agrees with the com
puted dependence shown in Fig. 2.

FIG. 2. Theoretically computed equilibrium composition profile of the so
solution A12xBxC in an epitaxial film~2! on a substrate~1!.7
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FIG. 3. Photoluminescence spectrum (T5300 K) of a InGaAsP epitaxial
layer grown in the region of instability of quaternary solid solutions.

FIG. 4. Photographs of an InGaAsP sample in a planar section. The ph
graphs were obtained in an EM-420 transmission electron microscope in
reflections: a —~200! ~sensitive to the composition of the solid solution!
and b —~220! ~sensitive to stresses in the sample!. The InGaAsP epitaxial
layer was grown atTgrowth5867 K on an InP~001! substrate in the region of
instability of solid solutions.
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4. CONCLUSIONS

In summary, comparing the results of theoretical inv
tigations of spinodal decomposition of solid solutions
III–V semiconductors with the study of InGaAsP samp
grown by liquid epitaxy in the region of instability enable

FIG. 5. Photograph of an InGaAsP sample in a transverse section.
photograph was obtained in an EM-420 transmission electron microsc
The InGaAsP epitaxial layer investigated was grown atTgrowth5870 K on an
InP ~001! substrate in the region of instability of solid solutions.
-
f

us to conclude that in our experimental samples we m
likely observed spinodal decomposition of InGaAsP so
solutions.

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

This work was supported by the Russian Fund for Fu
damental Research~Project 97-02-18105!.
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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 AlGaAs/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 gains. ©1999
American Institute of Physics.@S1063-7826~99!02309-1#
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As predicted theoretically,1,2 injection lasers with an ac
tive region based on quantum dots~QDs! make it possible to
decrease substantially the threshold current densityJth . A
finite surface densityNQD of a QD array actually signifies a
low transmission current because of the small number
states on which a population inversion must be maintain
On the other hand, a finite value ofNQD combined with
inhomogeneous broadening of the density of states co
lead to gain saturation. Progress in producing QD arrays
self-organization of strongly strained thin layers3 has made it
possible to obtain in long laser diodes based on themJth on
the order of 602100 A/cm2 at 300 K ~Ref. 4!. However,
higher losses in the laser diode led to superlinear growth
Jth ,5,6 indicating that gain saturation is indeed a serio
problem in lasers based on self-organized QDs.

In the present paper we report the results of an exp
mental study of the gain characteristics of injection las
based on InGaAs QDs in an AlGaAs/GaAs host. The la
structures were grown by molecular-beam epitaxy
n1-GaAS~100! substrates in a laser geometry with separ
confinement~SC DHS!. The active region is formed by thre
rows of InGaAs QDs separated by 5-nm-thick Al0.15Ga0.85As
spacer layers. The laser diodes were fabricated in a fine-m
geometry, and the device characteristics were investigate
a pulsed regime at 300 K. The growth regime and the m
surements are described in greater detail in Ref. 7.

The dependence of the gain on the current density is
of the most important characteristics of an injection las
and it is closely related to the electronic structure of
active medium. The mode gain~g! as a function of the pump
current was calculated from the experimental dependenc
Jth on the cavity length, using the fact thatg is the sum of
the losses~internal and on the mirrors! at the lasing thresh
1011063-7826/99/33(9)/3/$15.00
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old. The internal losses were estimated as an adjustable
rameter from the experimental dependence of the exte
differential efficiency on the cavity length.

Figure 1~dots! shows the experimental dependence og
and the lasing wavelengthl las on the pump current density
It is evident that both curves have a kink at a current den
of about 700 A/cm2 that separates regions of different ga
behavior accompanied by a sharp hop ofl las. In each sec-
tion, an increase in the pumping results in rapid gain satu
tion at a certain levelgsat, while l las gradually shifts in the
short-wavelength direction.

FIG. 1. Experimental curves of the mode gaing ~filled dots! and lasing
wavelengthl las ~open dots! versus the current density. Solid lines — calc
lation of g using Eq.~1! and the gain parameters presented in Table I.
3 © 1999 American Institute of Physics
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We observed two peaks, at 855 and 960 nm, in the p
toluminescence~PL! spectrum of this structure. The long
wavelength peak is due to radiative recombination of ex
tons localized in the ground state~GS! of a QD, while the
short-wavelength peak corresponds to recombination thro
an excited state~ES!.8 Comparing the pump dependence
l las with the spectral position of these lines shows that
observed current dependence of the gain is due to a trans
from lasing via the GS to lasing via the ES of the QD arra

We have shown previously9 that in a simplified form the
relation between the gain and the current density in a
laser can be described by the expression

J5J0S 11
g

gsatD 1J1S gsat1g

gsat2g
D 1J2S gsat1g

gsat2g
D 2

. ~1!

For lasing via the GS the first two terms in Eq.~1! describe
the contributions of recombination via the GS and the E
respectively, while the last term corresponds to recomb
tion via a state of the wetting layer~WL! and the matrix. If
lasing occurs via the ES, then the second term in Eq.~1! is
absent, and the first term becomes the combined contribu
of both the GS and the ES.

According to Eq.~1!, the transmission current densityJtr

corresponding to zero gain is given by

Jtr5J01J11J2 , ~2!

and for a small gain (g!gsat) the dependence of the gain o
the pump current is approximately linear

gQD5gsat
J2Jtr

Jtr
g, where g5

Jtr

Jtr1J2
. ~3!

It is shown in Fig. 1 that for an appropriate choice of t
parametersJ0 , J1 , J2 , and gsat, presented in Table I, the
expression~1! makes it possible to describe to a high deg
of accuracy the current dependence of the gain for lasing
the GS and the ES.

According to the simple hydrogen-like model of th
electronic structure of a QD,10 the ES is fourfold degenerat
~in addition to the spin degeneracy!. Four times as many
carriers therefore can be localized in the ES; conseque
gsat for lasing via the ES should be four times greater th
gsat for the GS provided that the GS and ES have the sa
oscillator strength. In general, the degeneracy of the exc
level is lifted because the potential well of a QD is not d
scribed by a Coulomb potential and real QDs are not sph
cal. However, the experimentally observed ratio ofgsat is
indeed close to 4, indicating that the splitting of the ES
much smaller than the inhomogeneous broadening of
density of states of the QD as a result of size variance.

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

gsat, J0, J1, J2, Jtr ,
State cm21 A/cm2 A/cm2 A/cm2 A/cm2 g

GS 27 119 38 0.6 157.6 0.997
ES 102 480 2 33 513 0.93
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According to the data presented in Table I, the fracti
of the transmission current going to recombination via
WL (J2) in the case of lasing via the GS is negligible com
pared with lasing via an ES. Correspondingly, according
Eqs. ~2! and ~3!, g in the latter case decreases. This effe
can be explained by the fact that to achieve lasing via the
the Fermi level must lie much higher and therefore mo
carriers will be located in the WL.

Figure 2 shows the contributions toJth from recombina-
tion via various states as a function of the threshold curr
density. For smallJth the current density is mainly deter
mined by recombination via the GS. AsJth increases, the
contribution of the GS saturates, and the current due to
combination via an ES starts to dominate. At the same ti
the fraction of the current associated with the WL increas
As Jth increases further, the fraction of the current going in
recombination in the WL becomes dominant, and the con
bution of the ES saturates, but at a higher level compa
with the GS, since a larger number of carriers can be loc
ized in the ES. However, even with strong pumping las
again occurs via the states of the QD, and a transition
lasing via the WL is not observed experimentally.

The expression~1! can be used to estimate the effect
the surface densityNQD of QDs on the threshold characte
istics of QD lasers. Assuming that the electronic and rad
tive properties of the QD array do not change, a change
NQD by a factor ofN results in anN2fold scaling ofgsatand
also of the contributions to the transmission current due
the GS (J0) and the ES (J1). If NQD changes as a result of
change in the number of deposited QD layers,11 then the
parameterJ2 also scales by a factor ofN since each QD row
lies on the WL itself. If special growth regimes7 are used to
change directly the surface density of QDs while keeping
number of deposited planes constant, thenJ2 remains the
same:

FIG. 2. Contributions due to recombination via the ground state~GS! and
excited state~ES! of QDs and states of the wetting layer~WL! to the thresh-
old current densityJth .
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J~N!5NJ01S 11
g

NgsatD 1NJ1S Ngsat1g

Ngsat2g
D

1NJ2S Ngsat1g

Ngsat2g
D 2

. ~4!

The NQD dependence ofJth ,calculated according to Eq
~4! using the gain parameters presented in Table I, is sh
in Fig. 3 for various values of the total losses (Gth). It fol-
lows from Fig. 3 that in the low-gain regime a lower-dens
QD array is characterized by a lower value ofJth , which is
attributable to the lower transmission current. On the ot
hand, when high gains are required, a higher-density
array makes it possible to decreaseJth due to an increase in
gsat. If the required gain is greater thangsat for a certain QD
density, then lasing via the QD states cannot be attaine
any current density.

It is evident that there exists an optimal densityNopt

corresponding to a minimum value ofJth for a given level of
losses. For most device applications,Gth is relatively large,
since short diodes are required in order to obtain high dif
ential efficiency. For this reason, higher-density QD arra
which make it possible to overcome the gain-saturation t
certain degree, are more desirable for practical applicatio

In summary, the threshold characteristics of lasers ba
on InGaAs QDs in an AlGaAs/GaAs host were investigat

FIG. 3. Threshold current densityJth versus the surface densityNQD of a
QD array for various threshold gainsGth . ~The dotted line corresponds t
the transmission current density.!
n

r
D

at

r-
,
a
s.
ed
.

Two characteristic sections are observed on the curves o
optical gain and lasing wavelength versus the current d
sity. These sections are attributable to lasing via the gro
state and the excited state of the QDs. As the curren
raised, the gain attained on the GS saturates, and a trans
to lasing via an ES occurs. As a result of the degenerac
the ES, the saturated gain in the latter case is approxima
four times greater than the corresponding value for the G
As the QD density increases, the transmission current and
saturated gain increase. As a result, a lower-density QD a
gives a lower threshold current density in the low-loss
gime, while for large threshold gains dense QD arrays
preferable.
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Blue-green ZnSe lasers with a new type of active region
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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 surface (Da/a;7%) leads to the formation of self-organized,
pseudomorphic, CdSe-enriched islands with lateral dimensions;10230 nm and density
;231010cm22, 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 in the~Zn, Mg! ~S, Se!
system with a record-low threshold power density~less than 4 kW/cm2 at 300 K! and
continuous-wave laser diodes in the system~Be, 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. ©1999 American Institute of Physics.
@S1063-7826~99!02409-6#
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1. INTRODUCTION

Despite the great efforts made recently to optimize la
diodes with ZnSe quantum wells, increasing the lifetime
blue–green II–VI lasers to a commercially useful level
mains an unsolved problem.1 Just as in GaAs-based las
diode structures, degradation is the main reason for
propagation and multiplication of defects in the active
gion, even if the initial~immediately after growth! defect
density does not exceed 104 cm22. One way to overcome the
degration problem is to develop a new structure of the ac
region which could give: 1! better optical and electroni
~hole! confinement and 2! higher activation energy for for
mation and propagation of extended defects in the ac
region. It has been shown that a variably-strained, sh
period superlattice~SL! used as a waveguide is a very effe
tive method for solving this problem.2–4 Another possibility
of improving the characteristics of ZnSe laser structures i
decrease the dimension of the active medium from 2D@quan-
tum wells ~QWs!# to 0D @quantum dots~QDs!#. Aside from
the obvious advantages of a delta-function density of sta
which can be obtained, nonetheless, by producing a unif
size distribution of extremely small~the Bohr radius of an
exciton in ZnSe isaB;3 nm! 0D objects, the introduction o
centers of three-dimensional localization can lead to spa
separation of carrier localization locations and defective
cations in the active region of the laser structure.5 It can then
be expected that the internal quantum yield will increase
the rate of development of defects during lasing will d
1011063-7826/99/33(9)/5/$15.00
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crease, since nonradiative recombination on defects,
shown in Ref. 6, is the main reason for defect multiplicati
and migration. Finally, great hopes for improving the deg
dation characteristics are based on the use of Be-contai
compounds, which among wide-gap II–VI compounds ha
the hardest lattice.7

To obtain lasing in the blue–green region of the sp
trum ~460–550 nm!, corresponding to the maximum sens
tivity of the human eye, a great deal of attention has rece
been devoted to the study of the heteropair CdSe/ZnSe.
pair is similar in many respects to the well-investigated h
eropair InAs/GaAs, where a large lattice mismatch~;7%! is
the driving force for the formation of self-organized~In,
Ga!As QDs. Until recently, predominantly two technologic
approaches have been used to produce such nanoob
based on~Cd, Zn!Se: 1! the Stranski�–Krastanov ~SK!
method of growth with the formation of relatively large 3
islands with CdSe layer thickness greater than the crit
value @;3 monolayers~ML !#8–10 and 2! the method where
incomplete CdSe monolayers are deposited on a Z
surface.11 The formation of CdSe nanoislands in a ZnSe h
by the SK method is ordinarily impeded because strain
laxation via defect formation, which is accompanied by
sharp drop in the photoluminescence~PL! intensity, pre-
dominates. The second approach is based on growing u
thin CdSe QWs, which to a first approximation can
viewed as layers of the solid solution ZnCdSe formed o
CdSe/ZnSe interface.12 Recent optical investigations hav
demonstrated that such layers have a more complicated
6 © 1999 American Institute of Physics
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ternal structure, including flat CdSe islands of uniform thic
ness~;1 ML!.11,13,14 High-resolution transmission electro
microscopy~TEM! investigations of CdSe/ZnSe SLs in th
cross-sectional geometry have also confirmed the forma
of nanosize CdSe islands.15 It should also be noted that pre
vious attempts to use CdSe/ZnSe SLs in the active regio
laser structures did not lead to appreciable improvemen
the laser characteristics.16–18

We report here the results of investigations on the de
opment of room-temperature blue-green lasers based
II–VI compounds in the systems~Zn, Mg!~S, Se! and ~Be,
Mg, Zn!Se. A new laser structure is proposed and imp
mented, including a waveguide in the form of variabl
strained, short-period SLs~of the type ZnSSe/ZnCdSe o
BeZnSe/ZnCdSe! combined with an active region based o
fractional-monolayer~FML! CdSe inserts~2–3 ML thick!
placed in a 10-nm ZnSe QW. Isolated FML CdSe/Zn
structures were investigated, and special attention was
voted to the region of subcritical nominal CdSe thicknes
w (w5123 ML!. Island formation in FML structures grow
by conventional molecular-beam epitaxy~MBE! and epitaxy
with enhanced surface migration~ESM! was observed from
the surface by TEM. It is shown that isolated FML CdS
ZnSe structures can be used as an active region for Z
based green lasers, including the lasers containing Be c
cogenides.

2. EXPERIMENT

The structures of~Zn, Mg! ~S, Se! lasers for optical
pumping and~Be, Mg, Zn!Se laser diodes with an activ
region based on an FML CdSe/ZnSe nanostructure,
rounded by an SL waveguide, were grown by MBE pseu
morphically on GaAs~001! substrates at growth temperatur
270–280 °C. The MBE growth parameters and methods
monitoring the composition of S- and Be-containing co
pounds have been published previously.19,20 The structures
of lasers for optical pumping contained, respectively, 0.5 a
0.1-mm-thick Zn0.9Mg0.1S0.15Se0.85 confining layers at the
bottom and top, a symmetric waveguide in the form a 3-
ZnS0.14Se0.86/5-nm ZnSe SL with a total thickness of 0.2mm,
and an FML CdSe/ZnSe active region with CdSe thickn
w52.8 ML at the center of a 10-nm ZnSe QW. The acti
region of the BeMgZnSe/ZnCdSe laser diode consisted
~1-nm Be0.05Zn0.95Se/1.5-nmZnSe!82 SL waveguide with
10-nm ZnSe QW at the center, containing 2.6 ML CdSe. T
laser-diode structures also included wide-gap, 1-mm-thick,n-
and p-Be0.05Mg0.06Zn0.91Se confining layers, doped with io
dine and nitrogen, respectively, and a ZnSe/BeTe dop
modulated short-period SL with a variable step and stron
p-doped 10-nm BeTe:N/30-nm ZnTe:N layers on top. T
characteristics of the waveguides based on variably-strai
short-period SLs have been investigated previously.2–4

The characteristic features of the growth of an FM
CdSe active region by MBE and ESM are described in R
11. For structural and optical characterization, a series
isolated FML CdSe/ZnSe structures withw50.2523.2 ML
were grown under the same MBE conditions as the ac
regions of the laser structures. These structures contain
-
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buffer layer ~50 nm! and ~10 nm! ZnSe layer on top. In
addition, for comparison laser structures with conventio
QWs at the center of the SL waveguide were grown
optical (7-nm Zn0.75Cd0.25Se QW! and injection
(4-nm Zn0.63Cd0.37Se QW) pumping.

Surface images were obtained by TEM using a Phil
EM420 electron microscope. The PL spectra of the structu

FIG. 1. Relation between the nominal CdSe thickness and the energy
tion of the PL peak. a! PL spectra for samples marked by the filled triangle
b! TEM image from a surface for a structure with a single CdSe FML ins
with nominal thickness 2.8 ML.

FIG. 2. Temperature dependence of the threshold power density for
structures with an FML active region~triangles! and a QW~squares!. Inset:
Lasing spectra of an FML structure at 300 K.
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FIG. 3. a! Image of a BeMgZnSe laser struc
ture with an FML active region. The image
was obtained by TEM in the cross-section
geometry. b! Electroluminescence spectr
~300 K! of this structure with continuous ex
citation above and below threshold. Inse
Shift of the lasing wavelength in time unde
pulsed excitation.
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were measured at 5 K using the 351-nm line of a continuous
wave Ar1 laser. The measurements of the PL excitat
~PLE! spectra were performed with a halogen lamp. The
ser characteristics with optical pumping were investiga
using excitation with a N2 laser with 8-ns pulse duration. Th
structures of injection laser diodes with flat contacts w
obtained by conventional photolithography and measured
the methods described in Ref. 20.

3. RESULTS AND DISCUSSION

The relationship between the nominal thickness of
CdSe layer and the energy position of the maximum in
PL spectrum for isolated FML CdSe/ZnSe structures
shown in Fig. 1a. Increasingw to values not exceeding th
critical thickness results in a rapid increase of the PL e
ciency, accompanied by a substantial red shift of the
peak. The PL intensity with the same pumping increases
more than a factor of 350 with a tenfold increase in t
n
-
d

e
y

e
e
s

-
L
y

amount of CdSe deposited. Above the critical thicknes
sharp~by more than a factor of 30! drop in the PL intensity
is observed.

The results of optical measurements are in good ag
ment with the TEM data from the surface~Fig. 1b! for an
isolated FML structure with the samew52.8 ML. Extended
CdSe-enriched islands appear in the TEM image as l
spots with lateral dimensions 10–40 nm and dens
231010cm22. Although large ~.30 nm! islands relaxed
with formation of clearly distinguishable, identically oriente
defects, their density is only;15% of the total island den
sity, while the remaining 85%~with lateral dimensions,30
nm! seem to be pseudomorphic. We note that the appear
of CdSe islands with lateral dimensions of 25–40 nm is ty
cal for thicknessesw greater than 0.7 ML, and the fraction o
relaxed islands is virtually independent ofw,21 indicating
that they are related to the initial nonuniformities of th
growth surface of ZnSe~defects, growth steps, impurities!,
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giving rise to a predominant accumulation of Cd. Some
lands in Fig. 1b demonstrate a square faceting, but the st
contrast, due to deformations, makes it impossible to de
mine their shape and real sizes accurately. As a result o
distortions of the image by the ZnSe layer at the top, the
dimensions of the islands can be less than those observe
definitely much greater thanaB . We believe that these is
lands are not electronic quantum dots, but rather they
extended sections of ultrathin QWs with a specific carri
localization potential arising as a result of local thickness
Cd content fluctuations.

The use of such a CdSe/ZnSe FML active region in
ZnMgSSe laser structure led to a large decrease of
threshold pump power density at 300 K to a level bel
Pth54 kW/cm2 ~l;523 nm!, compared with 19 kW/cm2 for
a laser structure with the conventional ZnCdSe QW, emitt
at the same wavelength.21 The temperature dependence
the threshold power density for both types of structures
the room-temperature lasing spectra of structures with
FML CdSe insert are shown in Fig. 2. For both structures
temperature dependence is nonmonotonic with a minimum
the range 80–100 K, which, as shown in Ref. 22, is due t
thermally activated mechanism of vertical hole transport
the SL waveguide. The structure with FML CdSe demo
strates a 2.5-fold increase in threshold on passing fr
liquid-helium ~5 K! to room temperature~295 K! with char-
acteristic temperatureT0;175 K at 300 K, while for the
control structure with a QW the threshold increases b
factor of 4.75. In addition, the FML laser structure did n
show appreciable degradation for 24 h with pump density
times greater than the threshold value (;100 kW/cm2),
while the structure with a QW and the same post-grow
density of extended defects under the same conditions
graded completely in one hour.

Figure 3 shows the characteristic electroluminesce
spectra of a Be-containing continuous-wave laser diode w
2.6-ML CdSe/ZnSe FML active region, operating at roo
temperature, and a TEM image of the active region in cro
sectional geometry. The thickness modulations of the F
region are probably due to fluctuations of the strain fie
caused by CdSe islands randomly distributed in the plane
observed previously by TEM from the surface~see Fig. 1b!.
An appreciable shift of the lasing wavelengths with tim
accompanied by approximately a twofold increase in
threshold current density, was observed. It can be infe
that this phenomenon, which is not observed in the con
structure with a ZnCdSe QW, is due to a gradual degrada
of large islands of nearly critical size with deeper-lying e
ergy levels. Preliminary degradation tests also revealed
the FML laser diodes are more stable than QW samples
the same density of post-growth extended defects and op
confinement.

4. CONCLUSIONS

Pseudomorphic CdSe-enriched islands with lateral
mensions 10–30 nm and density.231010cm22, demon-
strating a high internal quantum yield of radiative recom
nation, were observed to form in MBE-grown fractiona
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monolayer CdSe/ZnSe structures with subcritical CdSe-la
nominal thickness~<3.0 ML!. These results were used t
produce laser structures for optical and injection pumpi
We believe that the record-low values obtained for t
threshold power density of optically pumped lasers and th
higher degradation resistance are due to effective carrie
calization in these nanoislands, which prevents carrier di
sion to larger relaxed islands and other defective regio
where they can recombine nonradiatively and give rise
accelerated multiplication of defects in the active regio
Continuous-wave BeMgZnSe injection lasers~at 300 K! with
an FML CdSe/ZnSe active region and an SL waveguide w
also obtained.
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We report optical measurements~photoluminescence, Raman scattering, and infrared reflectance!
of direct band gap and of optical phonon energies of BexZn12xSe alloys grown by MBE on
~001! GaAs substrates for a wide range of Be concentrations. The high band gap of BeSe~5.15 eV!
suggests the possibility of using isoternary alloys for ultraviolet optoelectronic applications.
BexZn12xSe has the unique advantage that it can be lattice matched to Si at aboutx50.5. We
observed a strong linear shift of the BexZn12xSe direct band gap to higher energies with
increasing Be content~to 3.63 eV forx50.34). Furthermore, optical phonon parameters for the
entire range of BeSe content have been obtained. Finally, polarized infrared and Raman
spectra revealed local atomic ordering~anti-clustering! effects in the group-II sublattice. ©1999
American Institute of Physics.@S1063-7826~99!02509-0#
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INTRODUCTION

Be-chalcogenide semiconductor alloys have been
cently proposed for improving the performance of ZnS
based blue lasers.1 It is expected that the incorporation o
beryllium will lead to bond strengthening within the II–V
lattice, and also will increase the energy of stacking-fa
formation, thus reducing defect propagation that has b
seriously limiting the lifetimes of ZnSe-based devices. Th
are also other important opportunities for Be-chalcogenid
The high band gap of BeSe~5.15 eV! suggests the possibility
of using these materials for ultraviolet~UV! optoelectronic
applications. In addition, BexZn12xSe has the unique advan
tage that it can be lattice matched to Si at aboutx50.5. In
the present paper we report optical measurements@photolu-
minescence, Raman scattering, and infrared~IR! reflectance#
of the direct band gap and of the optical photon energie
BexZn12xSe alloys for a wide range of Be concentrations

1. EXPERIMENT

The BexZn12xSe (0,x<1) samples used in this stud
were grown by molecular-beam epitaxy~MBE! on ~001!
GaAs substrates at 310 °C. The thicknesses of the sam
were between 0.3–1mm. During the growth process the su
face reconstruction was monitored by reflection high-ene
electron diffraction~RHEED!, which indicated a ‘‘streaky’’
pattern for all Be concentrations. The Be content of the
loys was determined from lattice parameter measurement
x-ray diffraction.

Photoluminescence~PL! spectra were excited by th
325-nm line~10-mW power! of a HeCd laser, and measure
1021063-7826/99/33(9)/3/$15.00
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using 270-mm focal length monochromator equipped wit
CCD detector.

IR reflectance spectra were taken at oblique incide
~10 to 50°! with a Bruker IFS-66V spectrometer. The photo

FIG. 1. 10-K PL spectra of BexZn12xSe (x50.03, 0.09, 0.15, 0.29, and
0.34! grown on GaAs.
1 © 1999 American Institute of Physics
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frequencies and damping were extracted using a stan
modeling procedure of the reflectivity spectra via mu
mode representation of the alloy dielectric function.

The Raman spectra were obtained with the argon
laser line excitation using 514.5-nm line, and measured
300 K using a DFS-52 double monochromator. Thexy and
xx components of the Raman spectra~where thexi@100# and
yi@010#) excited from the~001! growth plane were ana
lyzed.

FIG. 2. BexZn12xSe band gap: solid squares—10-K PL spectra; op
circle—300 K reflectivity data from Ref. 13; dotted line—linear extrapo
tion from ZnSe to BeSe.

FIG. 3. IR spectra of BexZn12xSe (x50, 0.23, 0.57, 0.81, and 1! measured
at 40° angle of incidence: solid curve—experiment; dotted curv
modeling.
rd

n
at

2. PL SPECTRA

PL spectra were used to measure the direct band
energy of BexZn12xSe fromx50 to 0.34. As in the case o
pure ZnSe epitaxial layers,2 the low-temperature PL spectr
of BexZn12xSe were dominated by a free exciton~FX! line
and a broad deep level~DL! band ~see Fig. 1!. For low x
~0.03, 0.09, and 0.15!, donor-acceptor pair~DAP! transition
bands having aLO phonon replica~for x50.03) are also
clearly resolved. Because of the increase in the half-width
the FX line with increasing BeSe content~from 12 meV for
x50.03 to 40 meV forx50.34), theDAP transition for
higher x ~0.29 and 0.34! appears as a weak shoulder at t
low-energy side of theFX line. We observed a strong sup
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
FX line toward higher energies. As an example, f
x50.34 theFX line was observed at an energy as high
3.63 eV. Figure 2 shows theFX line position versus BeSe
content, including BeSe direct band energy measured in
3 by reflectance spectroscopy. Note that all experime

n

FIG. 4. Raman spectra of Be0.34Zn0.66Se measured inxy ~solid curve! andxx
~dotted curve! configurations.

FIG. 5. Dependence of the polar optic phonon frequencies on Be conte
BexZn12xSe.
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points are close to the straight line that connects ZnSe
BeSe band gaps, indicating negligible bowing.

3. PHONON MODES OF BexZn12xSe

IR ~Fig. 3! and Raman~Fig. 4! spectra reveal three pola
optic phonon modes of the BexZn12xSe lattice for 0.01,x
,0.08 ~Fig. 5!. They are denoted in Figs. 3, 4, and 5
TO1a , TO2a , and TO2b ~transverse components! and
LO1a , LO2a , and LO2b ~longitudinal components!. We
identify two of them~subscripts 2a and 2d) that appear in
the frequency range 400– 570 cm21 as BeSe-type modes an
one~subscript 1a) that appears at 200– 250 cm21 as a ZnSe-
type mode. Forx,0.6 we also identify a weak polar modeA
at ;190 cm21, which can be attributed to ZnSe-type vibr
tion. The ZnSe-typeTO1a mode shows an unusual behavio
an increase of frequency with decreasing density of the Z
content~see Fig. 5!. We suggest that this follows from th
positive TO phonon dispersion characteristic of bulk bina
ZnSe.4 As can be seen from Fig. 4, all observed modes o
zinc-blende Raman selection rules, which imply a dom
nance of theLO components inxy configuration.

Our observation of the two types of BeSe modes in
cates that there are two different local arrangements~order-
ing! of the BeSe bonds in the alloy lattice. Our observat
nd

e

y
-

-

n

also gives evidence of anticlustering effects in the group
sublattice.5 Such effects may be driven by the very larg
difference in the ZnSe and BeSe bond lengths. We also n
that the absence of zinc-blende forbidden components
LO2a andLO2b bands in the Raman spectra1! is indicative of
tetragonal symmetry of the ordered atomic arrangement.6

*E-mail: Alexander.Mintairov.l@nd.edu
1!The weak structure at 510 cm21 in xx configuration is the second orde

spectra of GaAs substrate.
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Excitonic molecules trapped by quantum dots and isoelectronic impurities in many-
valley semiconductors
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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
quantum dots. ©1999 American Institute of Physics.@S1063-7826~99!02609-5#
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The properties of excitonic molecules and excitonic l
uid in single-valley semiconductors differ markedly fro
those in many-valley semiconductors. For single-val
semiconductors the terms excitonic molecule and biexc
are synonyms.1,2 An excitonic liquid in single-valley semi-
conductors is an insulator.3,4 Strongly bound molecules with
two, three, and up to six excitons are possible in many-va
semiconductors.5,6 Correspondingly, an excitonic liquid in
many-valley semiconductors exhibits metallic properties
all known cases. The main reason for the large differenc
the basic physical properties of excitonic molecules is t
many-valley semiconductors possess a degeneracyg2factor
greater than 2 in the conduction band and in the vale
band. The terms excitonic molecules, excitonic complex
and polyexcitons, often used in the literature, should
treated as synonyms. Isoelectronic impurities and artificia
producted quantum dots in many-valley semiconductors
clude not only electrons, holes, and excitons but also e
tonic molecules consisting of a large number of excitons

Excitonic molecules are smaller in size than the radius
a free exciton.5,7 The luminescence spectra of bound ex
tonic molecules have been found to be similar to the spe
of free excitonic molecules.8 Each line in the spectrum cor
responds to a decrease in the number of excitons in the
ecule by one, i.e.,Ez→Ez21. The luminescence line corre
sponding to thez excitons lies in the redder region of th
spectrum than the line corresponding to thez21 exciton.
The distance between the spectral lines corresponding to
luminescence of excitonic molecules bound on quantum d
is generally larger for free molecules. It is of special inter
to investigate the luminescence of bismuth-doped GaP c
tals ~GaP:Bi!, since the isovalent bismuth impurity in thes
crystals can capture one electron and one hole with bind
energy less than 0.05 eV~Ref. 8!. In this paper, we treat this
impurity as a quantum dot.

In the well-known semiconductors, such as Si, Ge, a
GaP, the binding energy of free electrons and excitonic m
ecules is less than the spin-orbit splitting of the valence ba
For this reason, the degeneracy factor of the hole gro
1021063-7826/99/33(9)/3/$15.00
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state is 4. Since the energy required to trap an excito
molecule by a quantum dot~per exciton! is higher than the
spin-orbit interaction energy in the valence band~0.05 eV in
GaP!, we will disregard this interaction. Quantum dots c
then capture six excitons, because the valence band is six
degenerate, and the conduction band possesses a c
hump structure with an approximately 0.05-eV hump. Fro
analysis of the luminescence spectra we obtain an en
Ez , which is related to the ground-state energyFz in the
molecule by the relation

Fz5
1

z (
z851

z85z

Ez8 , ~1!

wherez is the number of excitons in the molecule (z<6).
Correspondingly, the positionEz in the spectrum is related to
the ground-state energy in the following way:

Ez5zFz2~z21! Fz21 . ~2!

Let us consider a simple model of an excitonic molecu
where the single-electron wave function is identical for ho
and electrons and is spherically symmetric.5,7 We assume
that me5mh5mex. For simplicity, we use a hydrogen-lik
trial wave function

C~R!5A 1

pr 3
e2

R
r ,

wherer is the effective radius of the excitonic molecule. W
can then write the kinetic energy of the electron-hole pair
follows:

Ek5
\2

2mhr 2
1

\2

2mer
2

5
\2

mexr
2

.

Since the electron and hole wave functions are identical,
charge density in the Hartree approximation is zero@r(R)
50#. If the number of excitons in an excitonic molecule
large, then the exchange energy can be ignored, since
electrons and holes which encounter one another have,
4 © 1999 American Institute of Physics
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rule, different wave numbers~spins or valley numbers!. The
correlation potential energy per electron–hole pair (e2h) is
approximatelye2/«L, where

L5A «Ek

6pe2nex

.

The effectivee2h pair density in the molecule is

nex5
2p

9
zr23.

The energy pere2h pair in an excitonic molecule can b
written as

Fz52
e2

«L
2AE

0

l

4pR2uC~R!u2dR1Ek

52
e2

«L
2AF12S 2l 2

r 2
1

2l

r
11D expS 2

2l

r D G1Ek , ~3!

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

dFz

dr
50.

The coefficientA is chosen from the condition that if th
Coulomb energy is removed in Eq.~3! for Fz (e50), then
Fz should be very small in absolute magnitude but still ne
tive ~weak coupling!. The width of the quantum well is cho
sen in such a way thatFz obtained from Eq.~3! would be
identical to the experimental value. For the experimen
~Fig. 1! and theoretical~Fig. 2! results to agree,l must be
chosen to be 6 Å , i.e., on the order of 0.1 of the excito
radius.

The density of Bi atoms in the GaP crystal was appro
mately 1017cm23, which makes tunneling the main metho
of diffusion of excitons bound at an impurity between b

FIG. 1. GaP:Bi luminescence spectra from Ref. 8. The Bi density is
proximately 1017 cm23, T52 K. The peaks in the luminescence spectrum
energies 2.06, 2.09, 2.12, and 2.14 eV correspond to different bound
tonic molecules.
-

l

-

muth atoms. The formation of excitons from electrons a
holes produced by illuminating the sample is the fastest p
cess, and its time is close to the cooling time of the lig
generatede2h pairs (10212s). Capture of excitons on B
impurity atoms requires a time on the order of 10211 s,
which is less than the lifetime of bound excitons. Therefor
can be assumed that illumination of the sample with a po
erful light source directly produces excitons trapped at i
purity atoms. These bound excitons move along the cry
by tunneling. If a bound exciton is found to be on an imp
rity atom where a trapped exciton is already present, the
trapped biexciton is formed. In principle, bound biexcito
can also diffuse by tunneling, but in this case the barrie
higher and the diffusing particle~biexciton! is heavier. Simi-
lar considerations also apply to the formation of other bou
excitonic molecules. At low temperature tunneling can on
increase the number of excitons in a bound molecule,
cause upon formation of a large molecule the energy is
and the reverse process is impossible. The main recomb
tion channel for bound excitonic molecules is Auger reco
bination.

Auger recombination in trapped excitonic molecul
with the largest number ofe2h pairs and, correspondingly
the higheste2h pair density, becomes the most intense
combination. Thus, in a simplified model of recombinati
only Auger recombination in hexaexcitons need be cons
ered. Under these assumptions the system of kinetic e
tions can be written in the form

dnex

dt
5I 15

n6

t
22a2nexnex2a3nexnb2a4nexn3

2a5nexn42a6nexn5 ,

dnb

dt
5a2nexnex2a3nexnb ,

dn3

dt
5a3nexnb2a4nexn3 ,

-
t
ci-

FIG. 2. Calculation of the energy of excitonic molecules. The positions
the lines in the luminescence spectra are measured from the energy o
electrons and holes (Ez). The solid line represents the energy of a
electron–hole pair withEk50, the dashed line corresponds to the bindi
energy of an exciton.1 — Energy in the spectrum of free excitonic mo
ecules;2 — energy of excitonic molecules with a different number
electron–hole pairs~or excitons! bound on Bi atoms.
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dn4

dt
5a4nexn32a5nexn4 ,

dn5

dt
5a5nexn42a6nexn5 ,

dn6

dt
5a6nexn52

n6

t
, ~4!

where I is the intensity of the light exciting the lumines
cence,an is the trapping coefficient,t is the lifetime of ex-
citons in hexamolecules, andnb , n3 , n4 , n5 , and n6 are,
respectively, the densities of biexcitons, triexcitons, tetra
citons, pentaexcitons, and hexaexcitons that are trappe
quantum dots. The steady-state solution is

nex5A I

a2
, nb5

I

a3nex
, n35

I

a4nex
,

n45
I

a5nex
, n55

I

a6nex
, n65I t. ~5!

A characteristic feature of this solution is that the rat
nb /n5 , n4 /n5 , n3 /n4 , andn3 /nb do not depend on the in
tensityI of the luminescence pump. The fact that the ratio
the intensities of the luminescence lines remains constan
a wide range of pump intensities has been established ex
mentally.

In summary, it can be regarded as proved theoretic
and experimentally that in many-valley semiconductors up
-
on

f
in
ri-

ly
o

six excitons are trapped in the ground state of a quantum
and that the binding energy of the excitons increases w
decreasing diameter of the quantum dot.

This work was supported by the program ‘‘Integration
Project No. 326.37.
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In an Auger transistor formed from an Al–SiO2–n-Si heterojunction with a tunneling-thin oxide
layer we have investigated high-frequency instabilities ofS- andN-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 eV! during 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 current ofS- or N-type in the collector characteristics~in a circuit
with a common emitter!. The nature of the instability is connected with the large current
gain in an Auger transistor (a.1). © 1999 American Institute of Physics.
@S1063-7826~99!02709-X#
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The use of the heterostructure Al–SiO2–n-Si with a
tunneling-thin oxide layer1,2 to create an Auger transistor
so far a unique realization of the idea of Kro¨mer to create a
transistor with a wideband hetero-emitter,3 despite the fact
that numerous theoretical efforts have been made to iden
the right heteropairs. In an Auger transistor, current gain
achieved as a result of impact ionization, which is produc
by hot electrons injected from a wideband emitter into
narrowband base.3 The transistor structure Al–SiO2–n-Si
uses a metal–silicon oxide heterojunction instead of a se
conductor wideband emitter~Fig. 1!, where the oxide should
be transparent to electron tunneling~a few nanometers
thick!.1,2 In this case, the kinetic energy of the electrons tu
neling from the metal into the semiconductor is so large t
generation of electron–hole pairs in the silicon becomes p
sible during impact ionization~Auger generation!. Another
device utilizing Auger generation in semiconductors is
Read diode.4 This devices operates in the frequency ran
101121012Hz, but this is a two-contact device, which creat
great difficulties in its application. In bipolar transistors, cu
rent gain is connected with diffusion or drift of carrie
through the base of the transistor. In an Auger transis
based on the structure Al–SiO2–n-Si, in contrast to a Read
diode, the regions of generation and carrier drift are alm
completely spatially separated. Impact ionization occurs n
the base of the transistor, and drift, in the region of the ba
collector junction. The rate of generation of electron–h
pairs is determined by the voltage supplied to the bas6,7

The base of the transistor is formed under the action of
electric field of the oxide in the form of a self-consiste
quantum well for holes on the surface in then-type silicon
layer and has a thickness about 10 Å for well depths up
0.7 eV. Electrons tunnel-injected from the metal and the
fore possessing a large kinetic energy substantially incre
their kinetic energy in the field of the base of the transist
1021063-7826/99/33(9)/3/$15.00
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passing above the self-consistent surface quantum well
holes, and then lose their kinetic energy in the process
generation of electron–hole pairs and phonons upon imp
ionization.2 Additional heating and cooling of electrons tak
place over its mean free path of 1026 cm. At the same time,
the drift region, i.e., the space charge region of the ba
collector junction, is usually not less than 1025 cm wide.

The superthin base of an Auger transistor allows
electrons to pass straight through the base ballistically~Fig.
1!. Therefore, the time of flight of the electrons through t
base cannot limit the working frequency of the Auger tra
sistor or the impact ionization time~on the order of 10213s!.
The response time of an Auger transistor is determined
tually only by the charging time of the emitter–base capa
tance. For a current density of 104 A/cm2 and emitter area of
0.2mm2 the limiting frequency can be increased to 1011

21012Hz ~Ref. 7!. This frequency approaches the limitin
working frequency of a Read diode, which at present p
sesses the shortest response time among semiconducto
vices.

The kinetic energy received by the electron during b
listic transit of the base is equal to the depth of the w
~0.7 eV! and is equal to roughly half of the threshold ener
~1.5 eV! of impact ionization in silicon. The existence o
deep self-consistent quantum wells on the surface of the
con layer makes it possible to control the energy of the f
electrons taking part in the impact ionization and, in essen
to control the appearance ofS- andN-type instabilities in the
collector current of the Auger transistor~in a circuit with a
common emitter!.5–7 For small currents in the base circu
the collector characteristics of the Auger transistor are si
lar to the characteristics of bipolar transistors. But w
growth of the base current the collector characteristics
hibit a growth of the current gainb that is characteristic of
an Auger transistor; whenb becomes negative, instabilitie
7 © 1999 American Institute of Physics
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FIG. 1. Energy diagram of an Auger transisto
based on an Al–SiO2–n-Si heterojunction with
a tunneling-thin oxide layer. The metal i
negative-biased relative to the semiconduct
Inset shows a diagram of the transistor.
i-
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arise. The appearance ofS-like instabilities of the collector
current~Fig. 2! is typical already at collector current dens
ties about 103 A/cm2. At higher current densities~greater
than 53103 A/cm2) N-type instabilities are observed in th
Auger transistor in the region of low voltages on the colle
tor ~Fig. 3!. In some cases a transition from anS-type insta-
bility to an N-type instability is observed~Fig. 4!.6,7

To describe tunneling currents of electrons and ho
through a potential barrier, the semiclassical approxima
is often used. Employing this approximation, the tunnel
current can be written in the form

FIG. 2. ExperimentalS-shaped collector characteristics of an Auger trans
tor in a circuit with a common emitter;T5300 K. The numbers alongsid
the curves give the values of the base currentI B .
-

s
n

I 5
eN

t
expF2~2/\!E pdxG , ~1!

where the integral (2/\)*pdx, which defines the tunneling
probability, is taken over the classically inaccessible regi
N is the two-dimensional density of the electrons that c
participate in tunneling, andt is the characteristic collision
time of the electrons located in the potential well. We c
represent all tunneling currents flowing in an Auger trans

-
FIG. 3. ExperimentalN-shaped collector characteristics of an Auger tra
sistor in a circuit with a common emitter;T5300 K.
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tor in a form analogous, for example, to the current for el
trons tunneling from the metal to the semiconductor throu
the oxide layer:7

I mc5
eV

16p2\d2
expH 2

4A2m* d

3\Vox
@V3/22~V2Vox!

3/2#J .

~2!

HereeV5wm is the work function of the electrons from th
metal to the conduction band of the silicon-oxide lay
m* 50.29m0 is the effective mass of the tunneling electro
in the silicon-oxide layer;d is the thickness of the oxide
layer, andVox5(EFM2ECO)/e is the voltage drop across th
oxide layer. The calculations are described in greater de
in Refs. 6 and 7.

Generation of electron–hole pairs during impact ioniz
tion leads to amplification of the current since instead of o
injected electron, three current carriers now arise simu
neously. Additional currents appear—the Auger electron
hole currents. While the Auger electron current flows in
the collector, increasing the magnitude of the collector c
rent, the Auger hole current flows from the generation reg
~base–collector junction! into the transistor base, and th
current in the base circuit~hole current! flows from the base
into the emitter. The base currentI B5I ms1I mv and the Au-
ger current (I Auger) flow in the direction opposite the leakag
currentsI ms and I mv :

I B1I Auger2I ms2I mv50. ~3!

This equation defines the current balance in an Auger t
sistor. The Auger current is not part of the emitter curre
I E5I C1I ms1I mv but is proportional to the electron tunne

FIG. 4. Experimental collector characteristics of an Auger transistor i
circuit with a common emitter. For small voltages on the collectorS-type
instabilities go over toN-type instabilities;T5300 K.
-
h

;

il

-
e
-
d

r-
n

n-
t

ing current from the metal into the conduction band of t
semiconductor,I mc , and depends on the impact ionizationA:
I Auger5AImc ~Ref. 7!. The ionizationA reflects the depen
dence of the Auger generation current on the energy of
injection electrons~see Fig. 1!. Equation~3! has two solu-
tions since the Auger hole current increases with increas
impact ionization, i.e., any value of the base current cor
sponds to two values of the base voltage and correspondi
two values of the collector current. Each value of the ba
current can be realized in two different cases: in the first
a small Auger current and small base voltage (I B5I mc

1I mv), and in the second, at a large Auger current an
large base voltage (I B5I mc1I mv2I Auger). In the first case
the collector currentI C is small, and in the second, the co
lector current can be several orders of magnitude larger.

N-type instabilities~Fig. 3! appear when the collecto
voltage is small, and depend not only on the base and
lector voltages, but also on the concentration near the sili
surface of electron–hole pairs formed earlier during imp
ionization in a time less than the resorption time.N-type
instabilities are similar to the instabilities observed in a Re
diode. This is the highest-frequency current instability in
Auger transistor. There are two paths of resorption of
electron–hole cloud. The first is in the electric field of th
collector, and the second is in the form of the leakage c
rent, i.e., the hole tunneling current from the semiconduc
into the metal. The first process leads toN-type instabilities
in the collector current, and the second gives rise toS-type
instabilities. Both types of instabilities are high-frequen
instabilities. The nature of this phenomenon is purely qu
tum mechanical and is associated with the strong elec
fields at the surface of the silicon layer.
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Application of superfast „1022103 °C/s… cooling of a solution–melt in the liquid-phase
epitaxy of semiconductors

A. V. Abramov, N. G. Deryagin, and D. N. Tret’yakov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted March 1, 1999; accepted for publication March 2, 1999
Fiz. Tekh. Poluprovodn.33, 1130–1133~September 1999!

Use of a superhigh (1022103 °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 high~up to 12%! lattice mismatch of
the contacting materials are considered. ©1999 American Institute of Physics.
@S1063-7826~99!02809-4#
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1. INTRODUCTION

In the development of the method of liquid-phase e
taxy ~LPE!, recent years have witnessed a new trend ba
on the use of conditions far from equilibrium during crysta
lization. This is achieved by using superfast cooling of t
solution–melt during growth. A specially developed tec
nique which permits rapid cooling of a thin layer of th
solution–melt immediately adjacent to the phase bound
makes it possible to control the cooling rate over a w
interval up to values in the range (1022103)°C/s ~Ref. 1!.

The use of superfast cooling makes it possible to s
stantially expand the possibilities of the LPE method in co
parison with the widely used methods of growing laye
from a solution–melt. Thus, for example, cooling at rates
the range~300–600! °C/s has made it possible to obtain co
tiguous planar layers of GaAs on Si equal or superior in th
degree of crystalline perfection to layers grown
molecular-beam or gas-phase epitaxy, and also to ob
solid solutions of the compositions (Ge2)x(GaAs)12x and
(Si2)x(GaAs)12x ~Ref. 2!.

In the present paper we report the results of an exp
mental study of the influence of highly nonequilibrium co
ditions during crystallization on the main parameters of
grown layers of semiconductor materials based on
system Al–Ga–As and demonstrates the potential of us
superhigh cooling rates when cooling solution–melts in
fabrication of semiconductor layers.

2. EXPERIMENT

In our work we used liquid-phase epitaxy. This meth
allows one to perform crystallization under conditions of s
perfast cooling over a wide temperature range. In this c
superfast cooling is achieved by continuous and intense
traction of heat through the solid phase over the entire p
scribed interval of epitaxial growth. This is achieved wh
moving the substrate in contact with the solution–melt alo
the ‘‘cold’’ surface of the graphite housing of the casset
whose temperature decreases in the direction of motion.
1031063-7826/99/33(9)/4/$15.00
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quite easy to control the rate of cooling here by prescrib
the temperature distribution along the graphite housing,
also by varying the speed with which the substrate is mo
along the surface. The cooling rate at different temperatu
of the onset of crystallization~6502950! °C was measured
by introducing a thermocouple into the solution–melt. The
values showed that for temperature gradients along the
face of the graphite housing equal to~20250! °C/cm the
cooling rate can reach values in the range~3002600! °C/s.
The time and temperature intervals of growth at enhan
cooling rates were~1.5–3.0! s and ~3002600! °C, respec-
tively. Further cooling of the system to room temperatu
took place at average rates of;0.5 °C/s. To grow AlGaAs
structures, a buffer layer of AlxGa12xAs with constant com-
position xb was first grown on the GaAs substrate with
cooling rate of 0.25 °C/min; then from this same melt cry
tallization at superhigh cooling rates was performed.

3. MEASUREMENT OF THE THICKNESS AND COMPOSITION
OF THE AS-GROWN LAYERS

To study the effect of enhanced cooling rates on
thickness of as-grown layers, we examined the binary sys
Ga–As, where if one knows the parameters of the grow
process, it is possible to calculate in a quite simple way
thickness of the deposited layer with high accuracy.

The thickness of the as-grown layers was measured
visual inspection of a cleavage of the structure under an
tical microscope with an accuracy of60.2mm. Results of
measurements of the the thickness of the layers are prese
in Table I. The calculated values of the layer thicknes
presented in the table were obtained for the case of equ
rium crystallization from a semi-infinite layer of solution
melt under diffusion-limited conditions imposed on macr
transport in the liquid phase.

In the calculation we took into account the temperatu
dependence of the diffusion coefficient and the solubility
As in the liquid phase. As can be seen from the table,
experimentally obtained values of the layer thicknes
greatly exceeds their calculated values. Since forced mix
0 © 1999 American Institute of Physics
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of the solution–melt was absent, an increase in the la
thickness is most probably associated with an increase in
rate of mass transport in the solution–melt due to natu
convection induced by the steep temperature gradients
ing in the liquid phase. The greatest influence here is pr
ably exerted by the steep horizontal gradient along the s
strate surface.

The profile across the thickness of the layer of the co
position of the epitaxial AlxGa12xAs solid solutions grown
under conditions of superfast cooling was studied
secondary-ions mass spectroscopy~SIMS! on a CAMECA
IMS-4f ion microscope. The mean rate of ion etching w
determined from the depth of the etching craters measu
with the aid of a Dektar-2000 mechanical profilometer.

The measurements showed that independent of the in
composition of the solid phase, the AlAs distribution acro
the thickness of the layer has a characteristic minimum.
an example, Fig. 1 shows the distribution of the AlAs co
tent across the thickness of the layer for two limiting valu
of xb . As can be seen from Fig. 1, the AlAs content
always observed to increase near the surface of the la
Such a dependence is the result of the combined influenc
the crystallization process of superfast cooling and nat
convection. As a result of superfast cooling, the change
sign of the gradient of the composition of the solid pha
takes place at a significantly higher temperature in comp
son with the case of equilibrium cooling. Superfast cooli
also expands the initial range of compositions of the so
phase at which the distribution of the AlAs content over t
thickness of the layer is not monotonic.

Capacitance–voltage measurements of the carrier
centration, performed on the surface of the layers with
aid of a mercury probe, showed that intentionally undop
GaAs layers haven-type conductivity with carrier concentra
tion ;1016cm23, and AlGaAs layers have;1015cm23.

4. X-RAY STRUCTURE AND PHOTOLUMINESCENCE
STUDIES

X-ray diffraction studies were performed on a TPC
high-resolution x-ray diffractometer. To collimate the p
mary x-ray beam and render it monochromatic, we use
perfect single crystal of Ge~001!, which is asymmetric for
reflection of (004) CuKa1 radiation and provides a diver
gence of the monochromatized radiation of 1 arcsec. The
fraction reflection curves~DRC’s! were recorded in the vi-
cinity of the ~004! reflection for structures grown o

TABLE I. Thickness of the GaAs layer grown under different condition

T0, °C v, °C / s t, s hexp, mm hcal , mm

950 610 1.0 15.0 7.0
850 460 1.24 7.0 1.46
800 415 1.3 4.5 0.58
750 365 1.4 2.8 0.21

Note: T0 — initial growth temperature,v — rate of cooling of solution–
melt, t — growth time of layer for superfast cooling,hcal — calculated value
of layer thickness,hexp — measured layer thickness.
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GaAs~001! substrates, and in the vicinity of the~333! reflec-
tion for structures grown on GaAs~111! substrates.

The degree of structural crystalline perfection of t
samples was estimated from the half-widths and reflec
coefficients of the diffraction peaks from the layer~layers!,
and of the substrate, from the presence and extent of
interference pattern.

Comparison of the shape and parameters of the ca
lated and experimental diffraction reflection curves, whe
the calculated curves were obtained in the dynamic appr
mation without allowance for the diffuse scattering by stru
tural defects, allows us to state that crystallization of t
obtained structures takes place in an epitaxial growth reg
that is near the two-dimensional~2D! ideal. In this case there
are only defects of point and cluster type, which are localiz
in the epitaxial layer. For the homoepitaxial structur
GaAs / GaAs~001! the half-width of the diffraction maximum
is 10.3 arcsec.

A photoluminescence~PL! study was performed afte
the samples were pumped with an LG-106 argon laser~l

FIG. 1. Distribution of the AlAs concentration~x! with thickness of the
Al xGa12xAs layer~L is distance from the surface of the layer!. T05750 °C,
v5320 °C/s, temperature interval of growth 450 °C.1 — experiment,2 —
calculation~for conditions of equilibrium cooling!; a — concentration in the
buffer layerxb50.05, b — concentration in the buffer layerxb50.77.
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>0.5mm! at 77 K. The excitation density was varied in th
range 10– 1000 W/cm2.

Figure 2 shows photoluminescence spectra of sam
differing in the AlAs content in their buffer layer. The pho
toluminescence spectrum of the sample with AlAs conten
the buffer layer,xb>0.26 shown in Fig. 2, is typical of al
structures withxb<0.45. As can be seen from the figure, t
spectrum contains two maxima. The short-wavelength p
corresponds to radiation from the region of the sample w
minimum AlAs content, and the long-wavelength maximu
is due to radiation from the region of the substrate. The
perimentally observed minimum values of the half-width
the short-wavelength photoluminescence maximumDhn are
about 12 meV. SuchDhn values are indicative of the hig
quality of the AlxGa12xAs epitaxial layers grown under con
ditions of superfast cooling of the solution–melt.

The photoluminescence spectra of structures w
xb>0.6 are characterized by the presence of a low-inten
short-wavelength band due to carrier recombination in
indirect-band material AlxGa12xAs.

The most interesting effects in the photoluminesce
spectra were observed when examining structures withx in
the region of the minimum at which the dependence of
widths of the direct and indirect band gaps on the comp
tion @Eg

G(x) and Eg
x(x), respectively# intersect. A typical

photoluminescence spectrum of a structure of such type
xb50.5, recorded at an excitation density;50 W/cm2, is
shown in Fig. 2. A more detailed photoluminescence sp

FIG. 2. Photoluminescence spectra of AlxGa12xAs structures with different
AlAs contentxb in the buffer layer, measured atT577 K.
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trum of this structure is shown in Fig. 3. As can be seen fr
Fig. 3, the spectrum consists of a group of intense pe
located in a region nearl;0.61mm. A similar structure was
observed earlier for AlxGa12xAs layers grown by gas-phas
epitaxy from metallo-organic compounds, and was int
preted as photoluminescence of a bound exciton and sev
phonon echoes. Such spectra are characteristic of h
quality layers.

An interesting peculiarity of the investigated structur
with 0.5<xb<0.55 was the irreversible change in their ph
toluminescence characteristics that took place when
pump density was increased to 1 kW/cm2 at 77 K. The pho-
toluminescence spectrum of a sample subjected to such
ser annealing’’ is also shown in Fig. 3. Modification of th
spectrum concluded with an abrupt~roughly twentyfold! de-
crease in the intensity of the exciton line and phonon ech
in the regionl;0.61mm and in the appearance of a wid
band (Dhn;200 meV! with lmax;0.69mm. At room tem-
perature changes in their photoluminescence characteri
were not observed. Possible mechanisms of such behavi
77 K were considered earlier and linked with optically i
duced annealing of defects, and also with a recombinatio
generation process of impurity diffusion with formation
an arsenic vacancy (VAs) –impurity donor complex.

5. POTENTIAL OF USING SUPERHIGH COOLING RATES IN
THE PREPARATION OF SEMICONDUCTOR LAYERS
FROM SOLUTION–MELTS

The possibilities of the method, in which heterojunctio
of different types of semiconductor materials were grow
were studied. The degree of crystalline perfection was e
mated from the half-width of the diffraction reflection curve
~Table II!. It can be seen from the table that this meth
allows one even to obtain GaSb layers on GaP substra
where the lattice mismatch reaches 12%. The possibility
obtaining GaAs/Si and other heterostructures with large
tice mismatch points to the fundamental possibility of cre
ing III–V/GaAs/Si type heterostructures, including those
which an entire set of different materials is combined in o

FIG. 3. Photoluminescence spectra of a sample withxb50.5, recorded at
T577 K. 1 — initial spectrum,2 — modified spectrum.
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1033Semiconductors 33 (9), September 1999 Abramov et al.
heterostructure. As can be seen from Table II, increasing
number of layers grown in a GaAs/Si heterostructure lead
an increase in their degree of crystalline perfection. With
aid of this method, even for large lattice mismatch of t
contacting materials, we obtained contiguous layers w
thickness less than 0.1mm. Thus, GaAs layers grown on Ga
substrates had a thickness of 500 Å with a thickness of
transitional layer of 10 Å while the minimum thickness
GaAs layers on Si was 20 Å.

TABLE II. Parameters of various heterostructures grown under condit
of superfast cooling of the solution–melt.

Mismatch of Half-width of Layer
Heterostructure lattice periods, % DRC, arcsec. thickness,mm

GaSb/InAs 0.6 73 1.0
GaAs/GaP 3.6 130 1.0
Al0.3Ga0.7As/GaP 3.6 118 1.0
Ge/GaP 3.7 145 1.5
GaAs/Si 4.0 150 1.5
GaAs/GaAs/Si 4.0 110 1.5
Ge/Si 4.1 143 1.0
InP/GaP 7.4 277 1.0
GaSb/GaP 11.7 155 50.0
e
to
e

h

e

6. CONCLUSIONS

In this study we have demonstrated the possibility
using superfast cooling of a solution–melt in LPE. In t
instance of the Al–Ga–As system we have shown that
application of superfast cooling makes it possible to sign
cantly expand the possibilities of LPE for controlling th
parameters of the as-grown layers. In addition, use of
given technique makes it possible to obtain heterostructu
with significant~up to 12%! lattice mismatch of the contact
ing materials and metastable solid solutions.

The simplicity of realization of this technique and th
high quality of the layers grown by it ensure the future wi
application of this technique in the fabrication of semico
ductor materials and devices.

1A. V. Abramov, N. G. Deryagin, and D. N. Tret’yakov, Semicond. S
Technol.11, 607 ~1996!.

2A. V. Abramov, N. G. Deryagin, and D. N. Tret’yakov, Semicond. S
Technol.9, 1815~1994!.

Translated by Paul F. Schippnick
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GaInAsSb/GaSb heterostructures grown in the spinodal decay region by liquid-phase
epitaxy from Sb-enriched solution–melts

V. I. Vasil’ev, D. Akhmedov, A. G. Geryagin, V. I. Kuchinski ,* ) I. P. Nikitina,
V. M. Smirnov, and D. N. Tret’yakov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted March 1, 1999; accepted for publication March 2, 1999!
Fiz. Tekh. Poluprovodn.33, 1134–1136~September 1999!

Nearly isoperiodic solitary Ga12xInxAsySb12y/GaSb heterostructures, in which the composition
of the solid solution should be found inside the region of spinodal decay (x<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 Ga12xInxAsySb12y/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
GaInAsSb solid solutions in the spinodal-decay zone. ©1999 American Institute of
Physics.@S1063-7826~99!02909-9#
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INTRODUCTION

The quaternary solid solutions Ga12xInxAsySb12y ,
which are isoperiodic with GaSb, are promising materials
optoelectronics in the middle infrared region. However, it
expected that the possibilities of creating devices based
these compounds are limited because of the existence in
system of a theoretically calculated, extended immiscibi
zone and a region of spinodal decay inside it. In light of t
circumstance, it has been assumed to be impossible to o
solid solutions Ga12xInxAsySb12y isoperiodic with GaSb for
x.0.29~Refs. 1 and 2!. The largest values ofx andy on the
GaSb side of the isoperiodic cross section that were obta
earlier by liquid-phase epitaxy~LPE! were x50.23 and
y50.20 when growing the solid solutions on GaAs~100!
substrates, andx50.26 and y50.23 on GaSb~111!B
substrates,2,3 fell into the region of binodal decay but unde
the significantly more nonequilibrium conditions of ga
phase epitaxy were found near the spinodal decay boun
(x50.3). In the present paper we report the synthesis, w
use of LPE from Sb-enriched solution–melts, the solid so
tions Ga12xInxAsySb12y (x<0.4), which are nearly isoperi
odic with GaSb in the spinodal decay region.

EXPERIMENT

Undoped epitaxial layers of quaternary solid solutio
were grown from supercooled Sb-enriched solution–melt
a constant temperature. This technique of preparing the
sidered solid solutions was first proposed by us and is
scribed in our published papers.3–5 In the present work the
layers were grown at temperatures from 560 to 600 °C. T
degree of supercoolingDT5Tl2Tg ~whereTl is the growth
temperature! was varied within the limits from 8 to 120 °C

The composition of the solid solutions in layers mo
than 1mm thick was determined with the help of a Cameb
1031063-7826/99/33(9)/3/$15.00
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x-ray micro-analyzer or by secondary-ion mass spectrosc
~SIMS! in layers whose thickness was less than 1mm. The
magnitude of the lattice mismatch of the epitaxial layer a
the substrate (f') was measured by two-crystal x-ray di
fractometry. Two-crystal rocking curves~RC! were obtained
on the symmetric reflections~400! and~333! as functions of
the substrate orientation. To record the photoluminesce
spectra, we used a cooled PbS photoresistance. The thick
of the epitaxial layers was measured on a DECTAK profi
meter.

RESULTS AND DISCUSSION

Our studies showed that the chosen conditions of epi
ial growth can yield homogeneous layers having a mirr
smooth surface and maximal values ofx which depended, as
expected, on the orientation of the substrates. For GaSb~100!
and ~111!B these values were 0.32 and 0.4, respectively
was also found that for layers whosex values corresponded
to compositions lying well within the region where spinod
decay should be observed it is necessary to allow for
strong influence on the crystallization of the layers of tw
more factors that determine their degree of homogene
This follows from the fact that on the basis of the rockin
curves and photoluminescence spectra these layers ca
clearly separated as to their degree of homogeneity into
groups. On the rocking curves obtained from layers of
first group, only one peak, corresponding to the solid so
tion GaInAsSb, was observed~Fig. 1!. The sign of the lattice
mismatch for these layers was negative, which is analog
to their pulling in the growth plane. The values of the latti
mismatch in these layers varied from2531024 to 22
31023, from which it follows that at the growth temperatur
the values of the lattice mismatch were shifted by an ad
tional 131023. An additional peak with a half-width of 20–
4 © 1999 American Institute of Physics
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25 meV due to interband recombination was also presen
the photoluminescence spectra of these samples~Fig. 2!. The
thickness of the homogeneous layers of the solid solutio
whose composition corresponds to the spinodal decay z
does not exceed 500 Å. Note that regardless of the degre

FIG. 1. X-ray diffraction rocking curves~CuKa1 radiation! near the
GaSb~333! reflection for a Ga0.59In0.41As0.38Sb0.62 homogeneous epitaxia
layer, grown on a GaSb~111! substrate (f'51.4631023).

FIG. 2. Photoluminescence spectrum of a Ga0.59In0.41As0.38Sb0.62/GaSb het-
erostructure.
in

s,
e,
of

homogeneity of the layers, their rate of growth decrea
rapidly from 3mm/min atx50.2 to 500 Å/min atx50.4 as
the composition shifted into the region of spinodal decay.
the rocking curves obtained from layers of the second gro

FIG. 3. X-ray diffraction rocking curves~CuKa1 radiation! near the
GaSb~333! reflection for a Ga0.63In0.37As0.36Sb0.64 epitaxial layer, grown on
a GaSb~111! substrate with indications of spinodal decay~1 — f'

511.9431023, 2 — f'521.5531023).

FIG. 4. Photoluminescence spectra of epitaxial layers of the solid solu
Ga0.63In0.37As0.36Sb0.64/GaSb with different thicknesses, Å:1 — 1000,2 —
360,3 — 200.



ga

t
T
in
es
s
d

os
le

th
m
r
d

th
e
de
th
nc

flu
e
u

of

s
de
u
l t

tch
d its

ibil-
rs
e

the

in

of

rt,

d

n

z.

1036 Semiconductors 33 (9), September 1999 Vasil’ev et al.
two peaks were observed for the solid solutions with ne
tive and positive lattice mismatch~Fig. 3!. In other words, in
these layers, whose composition also corresponds to
spinodal decay zone, the solid solution undergoes decay.
decay of the solid solution is accompanied by a broaden
of the interband recombination band in the photolumin
cence spectra to 50 meV. The thickness of these layer
usually greater than 500 Å. It should be emphasized that
cay of the solid solution was not observed in layers wh
composition lay outside the spinodal decay zone, regard
of their thickness.

More detailed studies of the effect of thickness on
structural and optical properties of the layers for given co
positions of the liquid phase, growth temperature, and deg
of supercooling shows that when its value excee
;200 Å, an additional peak from the solid solution wi
positive lattice mismatch appears in the x-ray rocking curv
and its intensity grows with thickness. Simultaneously, a
crease in the intensity and an increase in the half-width of
interband recombination band in the photoluminesce
spectra was observed~Fig. 4!. This indicates that with
growth of the Ga12xInxAsySb12y layers~i.e., with increasing
distance from the heteroboundary! in the region of composi-
tions where spinodal decay should occur, the positive in
ence of the tensile stress along the heteroboundary weak
Thus, the results obtained in this work and in our previo
papers3,6 allow us to conclude that in the epitaxial growth
solid solutions with compositions Ga12xInxAsySb12y from
Sb-enriched solution–melts it is possible to simultaneou
control the properties of heterostructures by varying the
gree of inhomogeneity not only in the direction perpendic
lar to the heteroboundary, but also in the direction paralle
-

he
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ly
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it, where this is achieved by prescribing the lattice misma
at the heteroboundaries and the thickness of the layer an
composition.

CONCLUSIONS

In the present paper we have demonstrated the poss
ity of varying the degree of inhomogeneity of epitaxial laye
by prescribing the lattice mismatch and the growth time. W
have found that a tensile stress in the layer parallel to
heteroboundary and a small thickness (0.0220.05mm! are
prerequisites for obtaining homogeneous solid solutions
the spinodal decay zone.

This work was carried out with the financial support
the Russian Fund for Fundamental Research~Project No.
96-02-17864a!.
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Optoelectronic images of polycrystalline thin-film solar cells based on CuInSe 2 and
CuInGaSe2 obtained by laser scanning

G. A. Medvedkin* )
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L. Stolt and J. Wennerberg
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The laser scanning technique was used to obtain two- and three-dimensional optoelectronic
images of polycrystalline solar cells based on thin films of CuInSe2 and CuInGaSe2. 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. ©1999 American Institute of Physics.@S1063-7826~99!03009-4#
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INTRODUCTION

For polycrystalline optoelectronic devices, an analysis
homogeneity represents an important task since the fi
consist of a large number of grains and their photorespo
is obviously inhomogeneous near each crystallite. Total i
mination of a solar cell gives only the integrated output ch
acteristics, and the average photoresponse is decrease
to distributed macro- and microdefects. Laser scanning of
surface provides information at each point of the device
can also give a detailed distribution of the photovoltaic e
ciency over the entire receiver area. The goal of the pre
work was to examine invisible defects and inhomogenei
of solar cells on the micro- and mini-scales.

EXPERIMENTAL PART

High-efficiency polycrystalline thin-film solar cells with
the device structure Mo/Cu~In,Ga!Se2 /CdS/ZnO/ZnO:Al
were prepared on sodium-calcium carbonate glass. We
amined solar cells with 12–13% efficiency and with the a
sorber materials CuInSe2 ~CIS! and CuIn0.7Ga0.3Se2 ~CIGS!.

We used a laser scanner which allowed us to mea
the photoresponse~theVoc i sc VR regimes! and obtain matri-
ces of experimental data for post-experimental construc
of two- and three-dimensional images of these solar ce
The setup consisted of two He–Ne lasers (l5632.8 and
1152 nm!, an optical focusing channel, a specular deflect
system, and an electronic amplifying circuit intended for d
tecting a phase-modulated or constant optical signal. The
cusing and polarization optics narrowed the probe be
down to a diameter of 50280mm, and the scanned area wi
minimum optical distortion had dimensions of 30330 mm.
The red and infrared lasers excited regions in the solar ce
different depths and therefore gave information about
surface layer and about layers far from the CdS/CIS~CIGS!
heterojunction. Since the crystallites and their faces were
1031063-7826/99/33(9)/3/$15.00
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ented at various angles in the films, the implemented defi
linear polarization of the incident beam created a high
contrast image of the microdefect distribution. Scanning a
data collection were controlled by a personal computer us
the program Solscan; further processing, including graph
processing, was done on a Mac computer using the prog
Matlab or on a PC with the programs Origin and Excel.

1. RESULTS AND DISCUSSION

A grid topogram, obtained in red light for the CIG
active plane of the solar cell, is shown in Fig. 1. Hidd
microdefects varying in size from 40 to 400mm are present,
as it turned out, in a larger quantity on one active band th

FIG. 1. Topogram of a CIGS solar-cell receiver surface in red light. T
dark regions correspond to a reduced photoresponse and the light re
correspond to maximum photoresponse. The vertical bands correspo
the current collector of the Al grid and the the dark spots correspond
defects.
7 © 1999 American Institute of Physics
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FIG. 2. 3D optoelectronic images of a CIGS solar cell in red and infrared light.
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on the other. Thus, the topogram reveals the distribut
size, and shape of the photoactive defects on each rec
surface making an individual contribution to the total outp
signal of the solar cell.

A three-dimensional optoelectronic image of a polycry
talline thin-film solar cell makes it possible to demonstra
the degree of perfection of the device and lack thereof m
distinctly. Figure 2 shows 3D optoelectronic images of t
CIGS solar cell in red and infrared light, respectively.
series of defects varying from 10 to 100mm in size was
reliably detected by the red laser beam~Fig. 2, left image!.
These photoactive defects are distributed in the upper la
of the absorber film. The infrared beam, however, does
see these defects since it carries information about bulk p
erties of the absorber-film. In the case of the CIGS wideb
semiconductor, photogeneration occurs not only in the b
of the film, but also on the rear Mo contact. The infrar
photoresponse of the examined CIGS solar cells ha
smooth distribution, which is evidence of a high bulk hom
n,
ver
t

-

re
e

er
ot
p-
d

lk

a
-

geneity of the absorber-film. The absence of a negative
nal over the entire active area confirms that no genera
takes place on the rear contact.

Differences are observed in the optoelectronic image
solar cells of CIS type possessingI 2V characteristics with
‘‘red’’ rollover on the direct branch and without it. Figure
shows the stronger fluctuations of the photoresponse ove
entire sensitive area of the solar cells having rollover of th
I 2V characteristics. The structures with chemical deposit
of CdS possess a rollover effect due to the low concentra
of free electrons and the high concentration of trap state
the CdS layer.3,4 Therefore, the concentration of free ele
trons in the CdS layer should sense the modulation of
current as a result of photogeneration. Thus, the influenc
the concentration of the dopant level in the CdS buffer la
is manifested in theI 2V curves and in laser scanning.

Longitudinal inhomogeneities in CIS and CIGS sol
cells were also found when using red and/or infrared la
excitation.5 Such inhomogeneities are characteristic of t
FIG. 3. Transverse multiscanning of a CIS solar cell with a ‘‘good’’I 2V characteristic and aI 2V 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 illumination~left! and
unsaturated at a low level of illumination~right!.
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bulk of the absorber-film, are manifested on the millime
and centimeter scale, and are stretched out along the
stripes.

The presence of electron traps or metastable states in
CdS layers and compounds with ordered vacancies, thro
which recombination proceeds intensely, usually causes
total photoresponse to decrease. Controlling the balance
tween generation and recombination by varying photo
neration of nonequilibrium charge carriers, it is possible
saturate or free up the recombination channels and, co
quently, reveal the regions with enhanced concentration
recombination centers. We exploited this peculiarity in ord
to detect local inhomogeneities in the CIS and CIGS so
cells. Experiments with a phase-modulated signal allowed
to use a wide power range of the monochromatic lig
equivalent to the power of sunlight (0.52600 Suns! to reveal
local inhomogeneities with the aid of the contrast ima
Figure 4 shows a grid topogram in red light: regions with
enhanced recombination rate are visible at a low level
illumination and fall out as the light power grows while th
recombination channels saturate. Such defects lower the
toresponse in certain spectral ranges corresponding to
energies of the levels. As was reported earlier,6–8 comparison
of the optoelectronic image~after laser scanning! and a typi-
cal surface image observed in an optical microscope does
give satisfactory agreement when comparing the distribu
of inhomogeneities such as pinholes~or similar ‘‘mechani-
cal’’ microdefects! in the solar cell. We confirmed this state
ment with our own microphotographs made with the aid
an optical microscope. Therefore, the microdefects obse
with the help of a current induced by a laser beam may
associated with the regions of reduced no-load voltage
r
rid
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result of enhanced concentration of recombination cente

CONCLUSIONS

Photoactive microdefects varying in size from 10
100mm as well as elongated inhomogeneities in the millim
ter and centimeter ranges were identified and differentia
in strength and size with the help of two- and thre
dimensional optoelectronic images obtained by red and
frared laser scanning of thin-film solar cells.
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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. ©1999 American Institute of Physics.
@S1063-7826~99!03109-9#
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As was shown in Refs. 1 and 2, in a three-dimensio
quantum wire whose diameter is on the order of the Fe
wavelength of the electronlF , the dependence of the con
ductanceG on the electron energy« ~or, which is physically
equivalent, on the diameter of the wire! has a step-like char
acter. The height of each step in the dependenceG(«) is
equal to the conductance ‘‘quantum’’G052e2/h ~quantiza-
tion of conductance!. The quantization effect, which arises
the ballistic transport regime, is affected by two factors: fir
the temperature of the electron gas, and second, the geom
of the system. In addition, a magnetic field applied to
wire intensifies the dimensional confinement of the elect
in a plane, which leads to a dependence on the magnetic
B of the physical presentation of the effect.

The conductance of such a ballistic nanostructure~quan-
tum wire!, which connects two macroscopic electron res
voirs, can be described at zero temperature using
Landauer–Buttiker formula

G

G0
5(

aa8
Taa8 , ~1!

whereTaa8 is the probability of the transition from the sta
ua& to the stateua8&. As the temperature is raised, the qua
tization steps smear out; therefore, the conductance qu
zation effect is observed only at very low temperatu
T.1 K.

The geometry of a quantum wire also has an effect
ballistic electron transport.3–5 It is important to allow for
both the finite length of the wire, which leads to reflection
electron modes back into the nanostructure,5 and the shape o
the cross section of the wire.3 Different models have bee
used to describe the potential that keeps the electrons in
the wire.6–10 However, as was noted in Refs. 9 and 11, t
simple parabolic approximation fits better into a se
1041063-7826/99/33(9)/3/$15.00
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consistent scheme which takes into account the Coulo
effects that were examined in detail in Refs. 11–13.

In this study we examined in the model of a parabo
potential ballistic electron transport in a quantum wire si
ated in a longitudinal magnetic field,

V~x,y!5
m*

2
~v1

2x21v2
2y2!. ~2!

Here m* is the effective mass, and the frequenciesv j ( j
51,2) of the potential define the semiaxes of the elliptic
cross section of the wirel j5(1/2)A\/m* v j .

The spectrum in this model is described by the formu

«a5\V1~n111/2!1\V2~n211/2!1p2/2m* . ~3!

Here a5up,n1 ,n2&, p is the momentum of the electro
along thez axis, the quantum numbersn1 ,n250,1,2, . . . ;
and the hybrid frequenciesV1,2 are given by the formula

V1,25
1

A2
$vc

21v1
21v2

26@~vc
21v1

21v2
2!224v1

2v2
2#1/2%1/2,

wherevc is the cyclotron frequency.
The coefficientsTaa8 for the statesua& have the form

Taa85dn1n
18
dn2n

28
. Using Eq.~1!, we obtain for the conduc-

tance of the wire atT50 the expression

G~«!

G0
5 (

n50

N FV1

V2
~n1d!G1N11, ~4!

where N and d denote, respectively, the integer and fra
tional part of the number (2«2\V12\V2)/2\V1, where«
is the energy of the electron. SinceV1ÞV2, the quantity
V1d/V2 varies as« or B varies . This means that both th
number of terms and their magnitude vary. Consequen
the width of the plateau and the number of steps in the
0 © 1999 American Institute of Physics
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pendenceG(«) depend on the relationship between the f
quencies in the potential~2! and the magnitude of the mag
netic field. This result is represented in Figs. 1 and 2 by
solid line.

Let us now consider thermal smearing of the cond
tance steps. We make use of the following observation in
calculations. The number of conductance quanta for an e
tron with energy« is equal to the number of electron stat
with energy less than or equal to« for a two-dimensional gas
of oscillators with frequenciesV1 andV2. The classical par-
tition function for such a gas is14

Z2154 sinhS \V1

2T D sinhS \V2

2T D . ~5!

The number of statesn(«)5G/G0 can be expressed in term
of the partition function~5! by means of the following for-
mula derived in Ref. 14:

n~«!5
1

2p i Ea2 i`

a1 i`

Z~z!e«z
dz

z
, ~6!

wherea.0 andz51/T. We see from~6! that the integral
here is determined by the poles that lie on the imagin
axis. For commensurate frequencies the poles are mul
poles at the pointsnV15mV2, wheren andm are integers,

FIG. 1. Dependence of the conductance on the chemical potentialm. Cal-
culational parameters:V151.731013 s21, V250.8331013 s21, B53 T;
solid line — T50 K, dashed line —T51 K.

FIG. 2. Dependence of the conductance on the magnetic field. Chem
potentialm510213 erg.
-

e

-
e
c-

y
le

and for incommensurate frequencies all poles are sim
Since a real number has probability 1 of being irrational,
what follows we restrict the discussion to the more intere
ing case where the frequencies are incommensurate. In
case, calculation of the integral~6! gives the following ex-
pression forn(«)5G(«,0):

G~«,0!

G0
5

1

2p\2V1V2
S «22

\2V1
21\2V2

2

4 D 1
1

2p

3 (
n51

`

~21!n11Fcos~2p«/\V1!

sin~pnV2/V1!

1
cos~2p«/\V2!

sin~pnV1/V2! G . ~7!

Here the Fourier series is determined by the contribut
from the poles on the imaginary axis, and the first term in
expression is determined by the contribution of the thi
order pole at zero. It is convenient to expand the conducta
in a Fourier series in order to take into account the dep
dence of the conductance on temperature:

G~«,T!

G0
5E

0

`

G~«,0!
] f

]m
d«. ~8!

Here f («) is the Fermi function. Assuming that the chemic
potential of the electron gas in the wirem@T, it follows
from Eq. ~8! that

G~m,T!

G0
5

1

2\2V1V2
Fm21

p2T2

3

2
1

4
\2~V1

21V2
2!G1pT(

n51

`

~21!n11

3F 1

\V1

cos~2pnm/\V1!

sinh~2p2nT/\V2!sin~pnV2 /V1!

1
1

\V2

cos~2pnm/\V2!

sinh~2p2nT/\V2!sin~pnV1 /V2!
G . ~9!

Dependences constructed with formula~9! are represented in
Figs. 1 and 2 by the dashed lines. It can be seen from th
figures that thermal smearing causes the plateaus of the
ductance steps to slope and smooths out the thresholds

As follows from ~4! and Figs. 1 and 2, the height of th
conductance steps for any ratio of the frequencies is equ
the conductance quantum, and the length of the plateau
ies as a function of the energy of the magnetic field and
ratio of frequencies. The number of steps in the same ene
interval ~or the same interval of field values! depends on the
position of the interval on the corresponding axis and on
ratio of frequenciesv1,2. Thus, a relatively small variation
of the field~or frequencies! can lead to a fundamental chang
in the conductance picture~see Figs. 1 and 2!. Also, at
TÞ0 the plateaus of the steps are slightly shifted downw
and acquire a slope.

Note that the use of Eqs.~7! and~9! instead of the more
commonly used starting expressions~4! and~8! is more con-
al
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venient for analysis. In~7! and ~9! we have separated th
monotonic part of the dependenceG(«) and the oscillating
part – the series in~7! and ~9!, which consist of sawtooth
shaped peaks that account for the steps. As the temperat
increased, the series rapidly decay. AtT.10 K the mono-
tonic part is 2–3 orders of magnitude greater than the os
lating part, and in this temperature region the steps
smoothed out.

This work was supported by grants from the Russ
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sional Education and the program ‘‘Universities of Russia
Basic Research.’’
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In this paper we show that in a 2D system situated in an external transverse magnetic fieldH the
magnetic inductionB can under certain conditions, as a result of the de Haas–van Alfve´n
effect, take only certain discrete values, i.e., it is ‘‘quantized.’’ In this case the dependenceB(H)
consists of jumps and a plateau. At the plateauB(H)5const. As a consequence of
quantization of the magnetic inductionB(H), quantization of the Hall resistivityrxy(H) is
possible. ©1999 American Institute of Physics.@S1063-7826~99!03209-3#
-
tio
c
e

s
e
he
a

th
h
n
ld

all

it

d
th

th

ld

e

th

an
2D
an

e
on-
id

that

l
e.
s
n-
n-
t of
iso-
D
-

en

e a

r a
e
the

x-
of

,

1. INTRODUCTION

Systems of two-dimensional~2D! electrons in a trans
verse quantizing magnetic field continue to attract atten
in connection with observation of the quantum Hall effe
~QHE!.1 During the last several years, attention has be
focused on investigating the ground state of 2D electron
low temperatures and large values of the external magn
field.2–9 It is assumed that under certain conditions t
ground state of the 2D electrons in a strong quantizing m
netic field is ferromagnetic.8 However, a qualitative and
quantitative analysis of the effect of strong magnetism of
2D electrons on the kinetic phenomena of such systems
not been carried out. Because of the possibility of stro
magnetism of the 2D electrons, which magnetic fie
quantity—the magnetic inductionB or the magnetic field in-
tensity H—should enter into the expression for the H
(sxy) and the ohmic (sxx) conductivity of the 2D electrons
in the quantum Hall effect?

The electrons in a 2D system move along Larmor orb
in the xy plane ~the magnetic field is directed along thez
axis—QHE geometry!. Therefore, the magnetic field create
by them is averaged over regions with dimensions on
order of the Larmor radiusr L ~Ref. 11!. The mean distance
between the electrons is less than or on the order ofr L .
Consequently, the field acting on the 2D electrons is
mean microscopic field, i.e., the inductionB.10–13 Thus, for
large values of the magnetic susceptibilityx, the magnetic
induction B should be substituted for the magnetic fie
strengthx in the formulas forsxx (rxx) andsxy (rxy), and
also for the magnetic momentM. Here the dependence of th
induction B on the macroscopic magnetic field strengthH
@B(H)# is found from the equation13

H5B24pM ~B!. ~1!

In order to solve this equation, it is necessary to know
dependenceM (B).
1041063-7826/99/33(9)/4/$15.00
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2. THE de Haas–van Alfve´n EFFECT FOR 2D CHARGE
CARRIERS IN THE FERMI-LIQUID MODEL

In strong magnetic fields two-dimensional electrons c
be considered as a unique sort of Fermi liquid. In such a
system excitation interaction between the electrons plays
important role at low temperatures. The de Haas–van Alfv´n
effect for 2D electrons in a transverse magnetic field is c
sidered below in the framework of the isotropic Fermi-liqu
model. ~The de Haas–van Alfve´n effect for a 2D gas of
carriers atT50 was first considered by Peierls.14 Peierls’s
result was analyzed in detail in Refs. 11 and 15. It states
the magnetic moment of the 2D electronsM varies with a
jump each time the Fermi levelEF intersects a Landau leve
or when the Landau filling factor is equal to an integer valu
The de Haas–van Alfve´n effect at finite temperatures wa
considered in Ref. 16 in the framework of the model of no
interacting electrons.! We assume that at the large conce
trations of 2D carriers of interest to us the long-range par
the Coulomb interaction is screened. Consequently, the
tropic Fermi-liquid model can be applied to the 2
electrons.17,18 On the whole, in application to spatially ho
mogeneous states, the Landau theory of a Fermi liquid19 is
also valid in the case of the Coulomb interaction betwe
particles.17

Since elementary excitations possessing spin hav
magnetic moment, a Fermi liquid should be a magnet.11,19,20

In the isotropic case, the liquid can be a paramagnet o
ferromagnet.20 Below we show that Fermi-liquid effects hav
a substantial influence on the paramagnetic part of
susceptibility.18,19

Following Refs. 11 and 18, we obtain the following e
pression for the oscillating part of the magnetic moment
the 2D electrons:

M5
p

11Z0

eT

\cd (
k51

`
1

sinh~2p2kT/\vc!
sinS 2pk

B0

B D ,

~2!

where d is the width of the quantum well,B05F0ne

[hcne /e, F0 is the magnetic flux quantum,ne is the two-
dimensional electron density,e is the charge of the electron
3 © 1999 American Institute of Physics
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c is the speed of light,h is Planck’s constant,vc5eB/mc, m
is the effective mass of the electron,T is the temperature in
energy units, and in Eq.~2! we have expressed the rat
EF /\vc in terms ofB0 /B @EF /\vc5B0 /B#.

The quantityZ0 is proportional to the interaction con
stant of the exchange interaction between the electrons;
negative and can be close to21 ~Ref. 11!. In this region the
oscillating parts of the magnetic moment and the magn
susceptibility grow steeply. Such behavior ofM andx can be
explained as follows. According to the Pauli principle, t
electrons tend to occupy states with opposite spin. If
interaction between the electrons depends on their spins
the spins are aligned (Z0,0), then for an appreciable valu
of Z0 the decrease in the energy due to the interaction
exceed the increase in the kinetic energy due to redistribu
of the electrons over the available states.11 In this case a new
state of the 2D system with nonzero total spin can arise.11

Below we consider the case in whichZ0 is very close to
21 (Z011!1). In this case the magnetic susceptibility
the 2D system is large. Correspondingly, the magnetic m
mentM is also large.

This leads to an important consequence. The amplit
of the oscillations of the magnetic momentM grow dramati-
cally. Figure 1 shows the dependence of the magnetic
ment on the magnetic inductionB, calculated according to
formula ~2! ~in the calculation we chose the value 11Z0

5231024). The magnetic moment as a function ofB varies
discontinuously. Jumps take place at values of the magn
induction defined by the relationB5B0 /p, wherep is an
integer,p51,2,3, . . . or,equivalently, when the Fermi leve
intersects a Landau level.14 In this event, according to Eq
~1!, we obtain an oscillating dependence of the magn
field intensityH on the inductionB, as shown in Fig. 2. It
follows from this figure that there is a region ofH values,
where eachH value corresponds to three different values
B (Ba , Bb , andBc!. Such nonuniqueness testifies to an
stability of the state analogous to the instability that occ
for the equation of state of a van-der-Waals mate
P(V).11,14,21 In the case under consideration here, as in
case of the van-der-Waals equation, the thermodynamic

FIG. 1. Dependence of the magnetic momentM on the magnetic induction
B.
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equality ]H/]B.0, which forbids segments 1–2 in Fig. 2
holds ~Ref. 13!. Just as the van-der-Waals curve describe
first-order phase transition from a gas to a liquid, the cu
H(B) in Fig. 2 describes a sequence of phase transitions w
discontinuous variation of the magnetic inductionB.21,22

Each time such a point asa is reached~see Fig. 2!, the
induction varies abruptly from the valueBa to the valueBc .
In this case the differenceBc2Ba is equal toB0 /p, i.e., it is
a multiple of the quantityB05hcne /e, wherep is an integer.

Thus, the condition of the induction jumps is the appe
ance of such segments on theH(B) curve, where]H/]B
,0:

]H/]B5124p
]M ~B!

]B
[124px,0, ~3!

x.1/4p.

An induction jump takes place in a constant external fieldH
and its occurrence is determined by equality of the free
ergies in the given field. The equilibrium curve of the ma
netic field intensity as a function of the induction corr
sponds to placing the horizontal line segmentac ~Fig. 2! so
that the areas of the trianglesa1b andb2c are equal23 ~Max-
well’s rule!. In this case, the curveB(H) consists of plateaus
and jumps~Fig. 3!. Here the distance between the plateaus
a multiple of the quantityB05B0 /p[const (p is an integer!.
Thus, we have found that in a 2D system, as a consequ
of the de Haas–van Alfve´n effect the magnetic inductionB
can take only certain discrete values~see Fig. 3!

B5B0 /p. ~4!

For a given density of 2D electronsne the maximum value of
the ‘‘quantum’’ of magnetic induction is equal toB0. Note
that temperature corrections for the 2D electron density,
consequently forB0, are exponentially small forT!EF .
Therefore, the exactness of quantization of the magnetic
duction is quite high. Thus, as the external magnetic fi
strengthH varies, the 2D system of electrons undergoe
sequence of phase transitions with a discontinuous chang
the magnetic inductionB.

FIG. 2. Dependence of the macroscopic magnetic field intensityH5B
24pM (B) on the magnetic inductionB. The letters a, b, and c represent th
valuesBa , Bb , andBc .
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It is important to note that the temperature and also
interaction between the electrons have no influence on
period of the oscillations of the magnetic moment.11,12 This
means that the distance between plateaus on the curveB(H)
does not vary under these conditions. As the temperatu
raised, the amplitude of the oscillations of the magnetic m
ment varies. The amplitude of the oscillations ofM falls, and
the width of the plateaus in the dependenceB(H) narrows.
Thus, we can formulate our main result: in a 2D system, a
result of the de Haas–van Alfve´n effect the magnetic induc
tion B as a function of the external magnetic fieldH has the
form of plateaus and jumps~Fig. 3!. The distance betwee
plateaus in the dependenceB(H) is independent of the tem
perature and scattering of electrons by phonons and imp
ties. However, the width of a plateau depends on th
factors—with growth of the temperature, the width of t
plateau decreases and at some temperature the plateau
pears. On the other hand, the width of the plateaus sh
increase with increasing impurity concentration.

3. INFLUENCE OF THE de Haas–van Alfve´n EFFECT ON
THE KINETIC COEFFICIENTS OF THE 2D ELECTRONS

The field that figures in the expressions for the kine
coefficients of two-dimensional electronssxx andsxy as the
acting magnetic field is usually the external magnetic fieldH.
The de Haas–van Alfve´n effect leads to a large value of th
magnetic moment and large magnetic susceptibility of
2D electrons. In this case, the inductionB inside the 2D
system differs from the external magnetic fieldH. Conse-
quently, in the expressions forsxx and sxy H should be
replaced byB.

If we substitute the value ofB from Eq. ~4! in the ex-
pression for the Hall resistivityrxy , we obtain

FIG. 3. The dependenceB(H), consisting of plateaus (B0 /p5const) and
jumps (B05nehc/e, p51,2,3, . . . ).
e
e
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ri-
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rxy5
B

neec
5

h

e2p
. ~5!

Thus, quantization of the Hall resistivity is possible becau
of the quantization of the magnetic inductionB. Both of
these phenomena~quantization of the magnetic inductio
and quantization of the Hall resistivity! arise as a result o
the de Haas–van Alfve´n effect.

The dependence ofrxy on the external magnetic field
intensityH has a form analogous to that ofB(H) ~Fig. 3! and
consists of jumps and plateaus~Fig. 4!. On the plateausrxy

5h/e2p5const. The distance between plateaus is a mult
of h/e2. The dependence ofrxy on the external magnetic
field H exactly replicates the dependence of the induct
B(H). With growth of the temperature, the width of the pl
teaus in the dependence ofrxy on H decreases. At high tem
peratures the plateaus disappear. The width of the platea
rxy(H) is also affected by scattering of electrons by phono
and impurities. Since the magnetic inductionB5B0 /p is
constant on any one of the plateaus ofrxy(H), the chemical
potentialm is also constant there. Since the chemical pot
tial is found in this case in the region of localized states,
haverxx50. At the moment the induction undergoes a jum
delocalized states arise andrxxÞ0. After the jump,
B,m5const on the plateau and, as before,rxx50.

Thus, quantization of the Hall resistivityrxy and the zero
value of the ohmic resistivityrxx are possibly connected
with quantization of the magnetic inductionB. In this case
we obtain integer quantization of the Hall resistivityrxy .

I would like to express my deep appreciation to V.
Golovach, A. V. Gorbatyuk, N. A. Gun’ko, V. I. Perel’, A. S
Polkovnikov, and R. A. Suris for support and for critical r
marks. I would also like to thank M. F. Bryzhin for help i
preparation of the manuscript.

FIG. 4. Dependence of the Hall resistivityrxy on the intensity of the exter-
nal magnetic fieldH.
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In memory of Aleksandr Aleksandrovich Lebedev
Fiz. Tekh. Poluprovodn.33, 1148~September 1999!
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After a protracted and serious illness, Chief Scientist
the A. F. Ioffe Physicotechnical Institute of the Russi
Academy of Sciences, Doctor of Physical and Mathemat
Sciences Aleksandr Aleksandrovich Lebedev departed
life on March 22, 1999.

The scientific career of A. A. Lebedev was insepara
linked with the physics of semiconductors, and many of
works were of a pioneering nature. Lebedev worked at
A. F. Ioffe Physicotechnical Institute~PTI! for 48 years.
Leaving the physics department of Leningrad State Univ
sity, he arrived at the Physicotechnical Institute in 1951.
initiated the growth of pure germanium single crystals,
tively participated in the creation of the first domestic sem
conductor devices, and double-injection compensated-sil
diodes were first created at his initiative. The results of
studies of photoelectric phenomena in compensated sil
are well known to specialists and were used in the deve
ment of photoelectric devices. His studies of photoelec
phenomena in new ternary semiconductor compounds m
it possible to determine or refine the band structure of th
compounds and create new polarization-sensitive photo
tectors. Lebedev was one of the founders of deep-level t
sient spectroscopy in semiconductors. The identification
impurities with deep levels controlling the lifetime of charg
carriers made it possible to optimize the technology of f
rication of semiconductor devices intended for various p
poses.

Lebedev facilitated the growth and development o
large number of young scientists and received the w
deserved acclaim of the world scientific community. Auth
and co-author of more than three hundred scientific pap
and monographs, he was awarded medals ‘‘for valiant la
during the Great Patriotic War’’~Second World War! and in
honor of the thirtieth and fiftieth anniversaries of the victo
in the Great Patriotic War.
1041063-7826/99/33(9)/1/$15.00
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Aleksandr Aleksandrovich Lebedev was always a g
lant, sympathetic, and kind colleague and person.
memory as a talented physicist, leader, and friend will
ways remain in our hearts.

Colleagues, Friends, and the Editorial Board of th
journal Physics and Technology of Semiconductors

Translated by Paul F. Schippnick
7 © 1999 American Institute of Physics
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Eightieth anniversary of the Ioffe Institute
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A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tekh. Poluprovodn.33, 1025–1031~September 1999!
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September 23, 1918 is regarded as the birthday of th
F. Ioffe Physicotechnical Institute. For that is the date of
decree of the People’s Commissariat for Education of
Russian Soviet Federated Socialist Republic specifying
creation of the State Roentgenological and Radiological
stitute, which included a physicotechnical branch. In 19
that branch, which had been located in several rooms at
Petrograd Polytechnical Institute, became the State Ph
cotechnical Roentgenological Institute. It moved into its o
small building, which is still referred to as the main buildin
among the numerous many-storied buildings in the Institu
in 1923, when its staff amounted to just a few dozen peo
The Institute subsequently retained the ‘‘physical’’ a
‘‘technical’’ in its name, which was supplemented in 193
by ‘‘of the Academy of Sciences of the USSR’’~after a
change in its departmental affiliation! and in 1960 by the
name of its founder, A. F. Ioffe, following his death.

The first staff members of the Physicotechnical Instit
included scientists who became leaders in physics. They
cluded future Nobel prize winners: P. L. Kapits
~1919–1921!,1! N. N. Semenov~1920–1931!, L. D. Landau
~1927–1932!, and I. E. Tamm~1942–1946!. The Nobel
Prize in chemistry for 1956 was awarded to Semenov
work in chemical kinetics that was mainly done at the Ins
tute.

Ioffe also attracted to the Institute already establish
scientific authorities, who were the founders of new branc
9331063-7826/99/33(9)/6/$15.00
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in physics in this country. These include: the electrophysic
A. A. Chernyshev~1918–1931!, the crystallographer Yu. V.
Vul’f ~1918–1925!, the acoustician N. N. Andreev~1926–
1938!, and the thermal physicist M. V. Kirpichev~1928–
1930!. The next generation of outstanding physicists w
represented by Ya. I. Frenkel~1921–1952!, G. A. Gamow
~1925–1933!, and M. P. Bronshtein~1930–1938!.

The scientists at the Institute, especially Ioffe, crea
what, even many years later, could be called the ‘‘cradle
Soviet physics,’’ universally known scientific schools an
new institutes that have made major contributions to the
velopment of physics and its applications. These include
Ukrainian Physicotechnical Institute~Kharkov!, the Institute
of Chemical Physics, Laboratory No. 2~the Institute of
Atomic Energy!, the Leningrad Institute of Nuclear Physic
~Gatchina!, and the Semiconductor Institute, organized
Ioffe in 1954 and merged with the Ioffe Institute in 1972.

The following brief review emphasizes an historical pe
spective on the work that has led to the development of n
ideas in physics and to new research areas at the Insti
Other important research at the Institute is mentioned brie
The range of this research is so broad that some limits
what could be described here were inevitable.

EARLY RESEARCH

From the first years of the Institute’s existence, the wo
of its staff was marked by fundamental discoveries. By t
© 1999 American Institute of Physics
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time Ioffe had already formulated his ideas on ionic cond
tivity in crystals and Frenkel had validated them theoretica
by advancing the idea of vacancies~‘‘holes’’ in the author’s
terminology! in a crystal lattice and their role in conductiv
ity. ~Later the combination of an interstitial atom and a ho
came to be called a ‘‘Frenkel defect.’’!

At that time research on magnetic phenomena becam
tradition at the Institute. Kapitsa and Semenov propo
measuring the magnetic moment of atoms using the de
tion of a beam of the neutral atoms in a magnetic field~in-
dependently of Stern and Gerlach!. Ya. I. Dorfman’s concept
of paramagnetic and ferromagnetic resonances, advanc
1923, was confirmed by his own experiments which dem
strated the nonmagnetic origin of the internal ‘‘molecula
field in a ferromagnetic material and by Frenkel’s theo
which interpreted ferromagnetism as the orientation of
magnetic moment of an electron in a ferromagnetic crys
Landau continued to study these questions and develop
quantum theory of the diamagnetism of free electrons in m
als. Bronshtein and Frenkel’s work on the possibility,
principle, of observing the resonance absorption of radiat
whose frequency corresponds to the transition energy
electrons in a magnetic field, should also be mention
along with I. K. Kikoin and M. M. Noskov’s discovery of the
photoelectromagnetic effect.

Nuclear physics research began in this country with
work of D. V. Skobel’tsyn~1924–1937! at the Institute on
cosmic rays using a Wilson cloud chamber mounted in
magnetic field~in accordance with an idea of Kapitsa’s!.
Soon the Institute became not only the first center for nuc

A. F. Ioffe in 1932.
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physics in this country, but, in the full sense of the word,
organizer of research in this field. The leading Soviet sci
tists whose efforts subsequently created the country’s nuc
shield included the Institute staff members~‘‘fiztekhovtsy’’ !
Yu. B. Khariton~1921–1931!, I. V. Kurchatov~1925–1943!,
I. K. Kikoin ~1927–1937!, A. P. Aleksandrov~1930–1946!,
Ya. B. Zeldovich ~1931!, and L. A. Artsimovich ~1933–
1946!, who came to nuclear physics from other branches
physics.~Kurchatov, for example, was known for his class
cal papers of 1929–1933 on ferroelectricity.! The first world-
class results obtained in this area in our country are a
associated with the names of people who worked at the
stitute. A list of them speaks for itself: formulating th
proton-neutron hypothesis of nuclear structure~D. D. Iv-
anenko!, the discovery of nuclear isomerism~I. V. Kur-
chatov, B. V. Kurchatov, and L. I. Rusinov, together with
N. Mysovskii from the Radium Institute!, spontaneous fis-
sion ~G. N. Flerov together with K. A. Petrzhak from th
same institute!, startup of the first cyclotron in Europe~M. A.
Eremeev!, and development of the electrocapillary model
the nucleus~Ya. I. Frenkel, independently of Bohr an
Wheeler!.

As for the technical area, nothing characterizes it be
than: the creation of television systems~L. S. Termen and A.
P. Konstantinov! and electronic musical instruments~L. S.
Termen!, inventions in high-voltage technology~A. A.
Chernyshev!, the creation of the first radar systems in th
country ~Yu. B. Kobzarev, P. A. Pogorelko, and N. Ya
Chernetsov! and the fundamental work by D. A. Rozhansk
in this area, work on protecting ships against mines~under
the leadership of A. P. Aleksandrov with the participation
many leading scientists at the institute! that was begun prior
to the Second World War, and, finally, the first semicondu
tor devices in this country and materials with record para
eters for that time~B. T. Kolomiets, Ya. P. Maslakovets
B. V. Kurchatov, and Yu. A. Dunaev!.

ESTABLISHMENT AND DEVELOPMENT OF SCIENTIFIC
SCHOOLS

Undoubtedly, the major contribution of scientists fro
the Institute has been to the development of the physics
technology of semiconductors, beginning with the work
Ioffe on the mechanism for their conductivity. In 1931, su
able scientific subdivisions were set up at the Institute. Si
then, this area has been associated with dozens~to recall only
the most famous! of names and discoveries made within t
Institute’s walls. The foundations of the modern science
semiconductors were laid precisely then: the theory of
‘‘barrier layer’’ ( p2n junction! based on the tunnel mecha
nism ~Ioffe and Frenkel!, the separation of semiconducto
conductivity into intrinsic and impurity mechanisms~V. P.
Zhuze and B. V. Kurchatov!, etc. Studies in another area o
semiconductor physics, thermoelectricity, also began at
time. The theory was developed by Ioffe in 1950. In t
1930s, the All-Union conferences on semiconductors~of
which there were six before the war! began with the efforts
of Institute scientists and immediately attained world stat

In fact, research conducted at the Institute encompas
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all the then-known branches of solid state physics. Certai
in terms of its significance for physics and for the Physico
chnical Institute, here we should note the concept of the q
siparticle, i.e., the exciton, advanced by Frenkel in 19
which represented an excited state in a crystal. The sig
cance of the idea was demonstrated many times~first of all,
right at the Institute!, including an experimental proof of th
existence~1951! and the manifold properties of the excito
by E. F. Gross~1944–1972! and his school. The subseque
discovery of the exciton line spectrum and experiments
magnetooptics, electrooptics, piezo-spectroscopy, and e
ton dynamics provided the impetus for the development o
new discipline, the optics and spectroscopy of semicond
tors. This area is developing successfully at the Institu
even now, through experimental and theoretical work on
optical orientation of electrons, nuclei, and excitons in se
conductors, as evidenced by the discovery of new phen
ena in bulk semiconductors and nanostructures. In the 19
there was the discovery of ordering in the angular mome
of hot electrons by polarized light, a phenomenon wh
made it possible to measure ultrashort carrier relaxa
times in semiconductors after illumination.

One of the leading topics at the Institute has been
search on the mechanical durability of solids. Following
realization of the remarkable ideas of Ioffe in attaining t
tensile strength of table salt, A. P. Aleksandrov and S.
Zhurkov~1930–1997! came very close to the theoretical te
sile strength of glass and quartz filaments by annealing th
Aleksandrov and P. P. Kobeko~1924–1952! studied poly-
mers~the effect of temperature on polymer deformation, t
relaxation states of polymers in terms of a concept of sh
changes in the structure of ‘‘large’’ molecules due to therm
fluctuations! and N. N. Davidenkov~1925–1962! studied the
brittle fracture of steels at low temperatures and the tra
tion to plastic failure at high temperatures.

In 1931 A. V. Stepanov~1924–1972! began to study
defect formation and the development of an electrical pot
tial at the facets of ionic crystals during plastic deformatio
this is considered a direct continuation of Ioffe’s wor
Stepanov advanced the fundamental idea of a double role
plastic deformation in crystalline materials, having esta
lished that plastic deformation both hardens crystals and
multaneously facilitates their fracture. Later, these assert
formed the basis of the modern dislocation theory of stren
in solids.

The modern scientific literature refers repeatedly to
series of papers by Frenkel and T. A. Kontorova in t
1930s, in which they developed a theory of plastic deform
tion and slip. These papers became the foundation of
physics of dislocations, but also of the physics of soliton

In the 1950s and later, Z. N. Zhurkov and his scho
developed the idea of the kinetic theory of strength in soli
Stepanov’s method for growing crystals became widespre
and substantial progress made in understanding the natu
dislocations, plasticity, and the mechanical properties of m
terials at temperatures ranging from liquid helium to t
melting points of these materials.

The first papers of P. I. Lukirskii~1918–1954! and N. N.
Semenov on the photoelectric effect and the scattering
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electrons in 1923–1926 were the beginning of research
physical electronics, which became one of the major tra
tional areas of research at the Institute. Lukirskii develop
and introduced an original spherical capacitor method
analyzing electron velocity distributions. His work also pr
moted the development of electron optics~the theory of fo-
cussing in electric and magnetic fields! at the Institute and
were continued by G. A. Grinberg~1918–1930; 1941–1991!
and his school, which began in the 1940s. The work of
founders of physical electronics at the Institute was con
ued after the war in studies of electron emission and n
equilibrium surface ionization, as well as by the discovery
negative alkali metal ions and the manifold enhancemen
the degree of ionization by means of an electric field.

The succession and traditions in scientific subjects
also illustrated by the development of work on mass sp
trometry. Mass spectrometric techniques were first dev
oped at the Institute~and in the USSR! by V. N. Kondrat’ev
~1923–1931! in a study of the ionization of salt vapor an
chemical reactions in 1924. This area of research develo
successfully in the 1950s. Mass spectrometers were perfe
and they were used to study fundamental problems~preci-
sion measurements of physical constants, measuring the
lium isotopes in the earth’s mantle!, as well as practical one
~industrial process monitoring!.

The war years did not halt the life of the Institute as
research establishment. Those who remained in besie
Leningrad~under the leadership of P. P. Kobeko! and those
who worked in the evacuation used the rich arsenal of res
from their earlier research~demagnetization of warships, ra
dar stations, armor plate, thermal electrical generators, cy
tron, etc.!, but also obtained new results~an antigangrene
preparation, isotope separation, nuclear constants of fis
materials!. During the war years, fundamental physics w
represented by Frenkel’s research that led to his cla
monographThe Kinetic Theory of Liquids. Also noteworthy
are the experiments of Lukirskii on the formation of face
along the surface of a sphere of sodium chloride and Fr
kel’s 1945 theoretical paper on the formation and dynam
of crystal surfaces, which is very important for modern co
cepts of semiconductor nanostructures.

NEW AREAS OF RESEARCH

In the postwar years the Institute strengthened its lead
position in many areas relating to armaments, which w
distinguished both by their very important concrete appl
significance~separation of light isotopes and uranium is
topes, high-temperature coatings for reentry vehicles, se
conductor devices for the first nuclear submarines, etc.! and
by the discovery and development of areas of fundame
research that were new to the Institute, but without which
is impossible to imagine today’s Physicotechnical Institu
These include controlled thermonuclear fusion and hi
temperature plasma diagnostics, astrophysics and space
ies, and holography.

Work on electromagnetic isotope separation gave an
petus to research on collisions of atomic particles and th
interactions with electrons and protons. These studies are
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main source of information on the structure of atoms a
molecules. These results are widely used in plasma phy
astrophysics, gas dynamics, and quantum electronics.

As for astrophysical research, in the 1930s it was rep
sented by the theoretical work of Bronshtein, Landau, a
Frenkel, and in the 1950s a broad program of experime
astrophysics research was introduced at the Institute, inc
ing studies of near-earth space and the distant cosmos,
oastrophysics, and gamma-ray astronomy. The focus of
oretical study was such unique objects as neutron s
quasars, and molecular clouds with a large red shift. It w
shown that contrary to some hypotheses, the fundame
physical constants~fine structure constant, ratio of the proto
and electron masses! do not change on a cosmological tim
scale and have the same values in causally unconnecte
gions of the universe.

Work on thermonuclear fusion began at the initiative
I. V. Kurchatov and B. P. Konstantinov~1958!. The primary
effort was in the development of particle, microwave, a
optical diagnostic techniques for high-temperature plasm
In the 1970s the first tokamaks were built and yielded
couraging results on the compression and containmen
plasma, as well as plasma heating. These studies bega
increase in scale.

SEMICONDUCTOR PHYSICS

The history of progress in the traditional area of r
search, semiconductor physics, merits special attention,
even the most outstanding work confirming the priority
the Physicotechnical Institute cannot be represented
single sketch. More detailed information on the work of t
Institute in this area~as in the other areas mentioned here! is
contained in a collection prepared by the leading Instit
scientists of the current generation and published for
jubilee.2!

During the early postwar years Ioffe initiated research
the properties of intermetallic compounds. The most imp
tant was the discovery by A. R. Regel and N. A. Goryuno
of some valuable classes of semiconductors, especially
III–V compounds. Research was begun on their electr
properties. Another important task was to develop meth
for purifying, growing, doping, and synthesizing new sem
conductor compounds, with 3, 4, or more components. W
with diamond-like semiconductors make it possible to s
tematize the semiconductor properties of various compou
of this type.

Research closely tied to semiconductor work at the p
war Institute was continued under the leadership of Ioffe
the Semiconductor Institute~IPAN!. In 1954–56 the deep
penetration of kilovolt ions into semiconductors was disco
ered. This phenomenon stimulated the development of
implantation method, which has become an efficient ins
ment for the manufacture of microelectronics components
the late 1950s and early 1960s work began on the magne
of nonmetals, and garnet-ferrites with vanadium and bism
that had an enormous Faraday effect were synthesized fo
first time. Magnetic ordering was observed in a number
ferroelectric materials. The nature of weak ferromagnet
d
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was studied and the transparent ferromagnetic material
NiF3 was synthesized for the first time. Research on fer
and antiferromagnetic resonances and spin waves was b
in the early 1960s.

A. F. Ioffe initiated research on the physics of disorder
systems which led to outstanding results. A wide class
glassy chalcogenide semiconductors was found~N. A.
Goryunova, B. T. Kolomiets, 1955!, which gave impetus to
extensive research on these materials. These semicondu
now have technological applications and have drawn univ
sal attention to the fundamental problem of disorde
~amorphous! systems.

Studies of nonequilibrium processes have had a subs
tial effect on the development of semiconductor physics a
technology: the discovery of the convective current insta
ity, the observation of a dependence of the gap width on
concentration of injected carriers, the discovery of stimula
radiation in GaAsp2n structures~1962!.

Important results have been obtained from studies
shallow impurity centers in semiconductors. One of the m
els based on this research describes the energy structu
impurity levels associated with nonequivalent extrema of
bands in III-V semiconductor compounds. Another expla
the effect of isovalent doping on the electrical, optical, a
mechanical properties of semiconductors and thereby ma
it possible to change these properties in a controlled man
without introducing electrically active impurities.

The ‘‘semiconductor revolution,’’ under the banner
which science, technology, and society have been develo
for 50 years, has been associated with the production of
first semiconductor point-contact diodes in this coun
~1950–1951!, high-purity single crystals of germanium an
silicon, junction diodes andp2n junction transistors~1953!,
III–V semiconductor compounds~1950!, power converters
~1957!, and the discovery of stimulated emission in galliu
arsenide~1962!.

Work on the creation and study ofp2n junctions in Ge
began in 1950. After that point-contact diodes and transis
were made in 1950–1951, Institute scientists under the le
ership of V. M. Tuchkevich obtained the first single crysta
of Ge in the USSR and made the firstp2n junction transis-
tors, high-voltage Ge-diodes, and the first electronic circu
using transistors and transistor radios in this country. In 19
the first planar photodiodes of an original design were p
duced in the USSR with better sensitivity and active a
than the existing ones.

In that same year, the first Soviet high-power devic
were produced: germanium semiconductor rectifiers for c
rents of up to 500 A with a reverse voltage of up to 150–2
V. After this success with germanium devices, studies
single-crystal silicon, the other leading material of the sem
conductor revolution, were undertaken for solar energy c
version and high-voltage diodes and thyristors.

After semiconductor devices based on germanium
silicon had been created and successfully brought into ind
trial production, further study and searches for new mater
revealed that gallium arsenide is one of the best materials
creating devices with exceptional parameters at high te
peratures.
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The Scientific-Education Center of the Institute.
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Controlling the most important parameters of semico
ductor crystals, i.e., using heterostructures in semicondu
physics and semiconductor electronics, was then addres
Under the leadership of Zh. I. Alferov, this topic has beco
one of the major areas of research at today’s Physicotec
cal Institute.

In the 1960s the concept of a laser with a two-sid
heterostructure was formulated; this made it possible to
tain a high density of injected carriers and a population
version as a result of ‘‘two-sided’’ injection. An ‘‘ideal’’
heterostructure, a self-consistent lattice for GaAs in the fo
of solid solutions of AlGaAs, was observed; in it predict
effects~such as carrier superinjection, an optical and elect
clipping! could take place. The unique injection properties
wide-gap emitters and the phenomenon of superinjec
were confirmed experimentally. Besides luminescence
carrier diffusion in a smooth heterojunction, stimulated em
sion was observed in double AlGaAs structures.

The search for new heterostructures with matched
tices has opened up the possibility of obtaining various ki
of heterojunctions using quaternary III–V solid solution
which permits independent variation of the lattice const
and gap width. InGaAsP compounds have been studie
detail and successfully used in a large number of appl
tions, including photocathodes and lasers for fiber optic co
munication in the infrared and visible. It is generally reco
nized that further progress in this area has relied on
efforts of Institute scientists: lasers have been built with d
tributed feedback provided by a diffraction grating on t
surface of a waveguide layer~not only to provide distributed
feedback, but also for extraction of well-collimated ligh!.
Research on heterostructures has led to the discovery of
damental physical phenomena, a sharp improvement in
characteristics of essentially all the known semiconduc
devices, and the creation of completely new types of devi

One of the most modern devices based on nanostruct
is the quantum dot laser. Quantum dot structures offer pr
ise for other devices as well, especially for creating n
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types of transistors. The first work in this area has alrea
been done at the Physicotechnical Institute.

THE INSTITUTE AT THE THRESHOLD OF THE NEW
CENTURY

The structure of the Physicotechnical Institute refle
the priorities of the 20th century. A. F. Ioffe, himself, tried
encompass everything new and the new areas which de
oped in basic and applied physics. As noted above, this e
was later embodied in the creation of the Nuclear Resea
Institute at Gatchina and new areas of research at the I
tute, including astrophysics, high-temperature plasma ph
ics, physical gas dynamics, and holography. Thus, rese
by Institute scientists encompasses essentially the e
range of contemporary physics and continues as an exam
of an optimum combination of basic research with concr
technical applications.

These studies have been judged worthy by the scien
community and the government. Of the Institute staff, mo
than one hundred have been made academicians and c
sponding members of the USSR Academy of Sciences~Rus-
sian Academy of Sciences! and the Academies of Science
of the former republics of the Soviet Union. About 150 sc
entists have been awarded prestigious national and acad
prizes. Twenty nine Institute scientists were winners of
Lenin Prize,3! beginning with A. A. Chernyshev for his work
on high-voltage and high-frequency technology~1930!. At
present, five academicians and ten corresponding mem
of the Russian Academy of Sciences and more than 800
tors and candidates of science work at the Institute. Of
leading scientists at the Institute, special mention should
made of five, who, along with their scientific activity, hav
had enormous responsibility for the leadership of the In
tute, contributing to its development as an institution and
a scientific collective: A. F. Ioffe headed the Institute fro
1918 to 1952; he was replaced by A. P. Komar~1930–1936
and 1950–1972!, who held the post of director until 1957
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B. P. Konstantinov~1926–1930 and 1940–1969! headed the
Institute for ten years, from 1957 to 1967, and passed
post on to V. M. Tuchkevich~1935–1997!, who led the In-
stitute for the next 20 years; and Zh. I. Alferov, the curre
director who took over the Physicotechnical Institu
in 1987.

The Institute participates in major international proje
in plasma physics, solid state physics, and astrophysics,
maintains ties with the leading research centers of the wo
This research is supported by additional funds from a nu
ber of national and international foundations, including so
specially created for the support of joint research by sci
tists from the former USSR and the European Commun
~INTAS! and the United States~CRDF!, as well as the Inter-
national Scientific-Technical Center supported by the Uni
States government and the Japanese government.

Certainly, the most indisputable achievement of t
Physicotechnical Institute has been the creation of a nati
school of physics that has not been locked in one rese
area, regardless of how productive, or in one institute,
has reached the level of the world scientific community.
important part of this process has been a system of prepa
scientific personnel whose foundation was laid by Ioffe
1919. In that year, Ioffe organized the physical-mechan
faculty of the Polytechnical Institute, whose first gradua
quickly became staff members of the Institute.~They in-
cluded Yu. B. Khariton and G. A. Grinberg.! At present, the
system of continuous physics training based at the Physic
chnical Institute includes a physicotechnical second
school, the chair of optoelectronics at the Electrotechn
University, and the physicotechnical faculty at St. Petersb
Technical University.

It is the purpose of the newly founded Scientifi
Education Center at the Institute to ensure the unity of th
educational degrees. One of the stages in constructing
special building of the Center was completed in Septem
1998, on the eve of the eightieth anniversary of the Ph
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cotechnical Institute. The plenary meeting of the Intern
tional Conference on Physics on the Verge of the 21st C
tury was held there, with the most famous Russian a
foreign physicists participating, including recent Nobel la
reates. The conference program encompassed all area
scientific activity at the Institute and more than 200 scient
papers and poster presentations were given, distributed
plenary sessions and three topical symposia: plasma phy
and astrophysics; solid state physics; and semiconductor
erostructures. Some of the papers presented in the last
posium have been published in this issue of this journal.

Continuing the tradition begun with the famous prew
conferences on nuclear physics and semiconductor phy
the Institute has many times been the organizer of prestig
national and international conferences, symposia,
schools, and has also initiated a number of scientific act
ties which have become standard, such as the Internati
Symposium on Nanostructures: Physics and Technology
the International Conference on Fullerenes and Atomic C
ters, which have taken place since 1993. This brief history
the Physicotechnical Institute gives only a general idea of
origins and vital activity of a complex and continuously d
veloping organism of the sort that a modern scientific
search center has become. The brilliant achievements
traditions of the past, and the broad range of modern rese
offers hope that the future of physics will continue to be ti
to the A. F. Ioffe Physicotechnical Institute.

I wish to thank Zh. I. Alferov and V. I. Perel’ for re-
viewing the manuscript and for a discussion.

1!Here and in the following, the dates in parentheses indicate the yea
person worked at the Institute.

2!Ioffe Institute: 1918–1998. Development and Research Activities, St.
tersburg~1998!.

3!Of these, 28 were for work at the Physicotechnical Institute.

Translated by D. H. McNeill
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Silicon-germanium—a promise into the future? 1…

H. G. Grimmeiss*

Lund University, Solid State Physics, Box 118, S-22100 Lund
Fiz. Tekh. Poluprovodn.33, 1032–1034~September 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 III–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. ©1999 American Institute of
Physics.@S1063-7826~99!00209-4#
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Information technology is still one of the most importa
global technologies. Ever since the invention of the tran
tor, we have witnessed a fantastic growth in semicondu
electronics, an important area within information technolo
It is fair to say that this impressive progress has only b
possible due to a unique combination of basic conceptio
advances, the perfection of new materials and the deve
ment of new device principles.

The first transistors were fashioned not from silicon b
from germanium. There were important reasons for this
ority, among them the much greater ease of purifying germ
nium and the higher mobility of electrons and holes within
But due to the smaller energy bandgap, the performanc
germanium transistors degrades rapidly with temperature
addition, no material was found that would provide diffusi
masking for germanium.

Recognizing these problems, the role of germanium a
major player ended in the mid-1950s and semicondu
technology switched to silicon. Since then silicon has be
the dominant material in semiconductor technology. Onl
few years later, in 1958, the integrated circuit was inven
providing the base for the fantastic growth of microelectro
ics.

Microelectronics means the multifunctional integrati
of electronic devices and since the beginning of microel
tronics, the objectives have been to further increase the p
ing density, the complexity, the signal processing rate,
the multifunctionality.

Various attempts have been made to accomplish th
goals. Restricting ourselves to technology, three approa
are of particular interest to be mentioned briefly:

1! Three dimensional, stacked device structures wo
allow circuits of particularly high complexity and multifunc
tionality. Though first results are encouraging, this appro
will acquire further interest in the future to overcome cri
pling flaws.
9391063-7826/99/33(9)/3/$15.00
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2! The continuous reduction of the structure size with
silicon technology over the past 30 years or so has b
extremely successful in improving the performance of mic
electronics and is in large measure responsible for the br
through of information technology. Yet from a circuit de
signer’s perspective, silicon is hardly the perfect mater
Compared with some of the other semiconductors, it is qu
poor in terms of how fast charge carriers can move throu
the crystal lattice. This sluggishness limits the speed
which all-silicon devices can operate.

3! In contrast to silicon, many III–V semiconducto
compounds are known to exhibit high carrier mobilities a
saturation velocities. Almost endless variations on th
chemical composition and, hence, energy bandgap are
sible. Bandgap engineering, in fact, is a powerful tool f
growing different kinds of heterostructures and, hence, c
ating faster transistors. Even the most developed all-sili
technology will therefore never be able to compete w
III–V semiconductor compounds at least not with respec
signal processing rates and light-emitting properties.

Due to their performance, compound III–V semicondu
tors should therefore without any doubt provide the best p
sibilities for accomplishing the objectives of mainstream m
croelectronics.

However, in spite of these performance advantages, w
are more than 95% of all manufactured ICs fabricated
silicon? The answer is economics. ICs are simply much m
difficult and expensive to fabricate from III–V compound
than from silicon. Cost estimates performed by differe
companies show~Ref. 1! that the cost/area increases by
factor of about 5 when going from silicon to GaAs and
more than a factor of 10 when going from 6-inch silico
wafers to 3-inch InP wafers. These figures are still more
favor of silicon considering that the 300-mm silicon wafer
on the market and that the 450-mm wafer~probably together
with a 70-nm technology! is to be expected within the nex
© 1999 American Institute of Physics
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10 years~Ref. 2!. World-wide investments in silicon techno
ogy is enormous and yields are high in the silicon wo
~CMOS!.

On the other hand, high-quality oxides are scarce in
III–V world, impeding device integration and high-purity
large-diameter crystals are difficult to grow. In addition, ch
yields are lower due to inherent defects implying higher p
duction costs, as mentioned earlier. Since market share
in most cases determined by performance/cost ratios, m
companies are convinced that semiconductor technolog
most probably predictable through Moore’s law another
to 15 years~Ref. 3! and that silicon-based ICs will dominat
the market also in the beginning of the next century.

However, as already pointed out, silicon is not perfe
Due to material properties, there is a cutoff frequency lim
inherent to silicon technology and considerably lower th
with III–V semiconductors. Due to new applications in i
formation technology asking for still faster circuits, there is
market’s demand to overcome the cutoff frequency limit
the silicon technology since these applications will only ge
erate a large market if low-cost systems can be offered.
ticipating that mobicom applications up to about 3–5 G
will be covered by all-silicon technologies, there are num
ous other wireless applications such as wireless local
network ~WLAN !, hyperLAN and broadband satellite com
munication which are of interest. In-home digital networ
coupled to public networks are another example. All the
applications need frequencies up to about 15 GHz. If fi
communication or some radar applications are included,
cuit designers like to have frequencies up to about 40 G
available. These frequencies are difficult to obtain by ma
stream silicon technologies.

One way of overcoming the cutoff frequency limit o
silicon devices is using the performance advantage of III
compound semiconductors based on heterostructures. In
context, silicon-germanium alloys have been discussed s
the mid-1950s~Ref. 4!. Well aware of the fact that III–V
compound semiconductors already have shown their sup
performance for such applications, the vision is to outp
form silicon technology by using the performance advant
of III–V compounds, and to undersell the III–V technol
gies.

One of the first and probably also one of the simpl
bandgap-engineered silicon devices is the SiGe heteroj
tion bipolar transistor~HBT!. The HBT may therefore serv
as an example for demonstrating a few important differen
in the performance of all-silicon devices with regard
silicon-based heterojunction devices in general.

ThenpnHBT, for instance, differs from a silicon bipola
junction transistor~BJT! only with regard to the base whic
in the HBT consists of a strained Si12xGex epitaxial layer of
either constant or varying composition~Fig. 1!. The only
constraint for a practical SiGe HBT design is that the in
grated germanium content be low enough to guarantee
stability. Since the difference in the bandgap energyDEg is
almost completely absorbed by a lowering of the conduct
band edge, electrons have to overcome a much lower en
barrier in the HBT than in a BJT when being injected in
the base~Fig. 2!. This implies, somewhat simplified, that th
e
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~common-emitter! current gainb can be approximated by th
expression b5@(DnNEWE)/(DpNBWB)#Z, where Z
5@(NcNv)B /(NcNv)E#exp(DEg /kT). HereDn,p is the diffu-
sion constant of electrons and holes, respectively;NE,B is the
emitter and base doping, respectively; andWE,B is the emit-
ter and base layer thickness, respectively. The other sym
have their usual meaning.

In most transistor designs,Dn /Dp is close to 1 and
WE/WB between 3 and 5. To achieve a current gain of ab
150 in a silicon BJT, theNE/NB ratio must be chosen be
tween 20 and 30 sinceZ51. Since the emitter doping can b
increased above 1020cm23 only slightly, this restriction puts
a limit on the base doping and, hence, on the base resist
RB .

The situation is very different with the HBT. There, th
current gain depends exponentially on the germanium c
tent at the base-collector junction, implying thatZ is about
100 for x50.2 and about 400 forx50.25. For many appli-
cations, current gain is less important than speed. Consi

FIG. 1. Schematic diagram of a SiGe hetero-bipolar transistor~Courtesy J.
Arndt, Temic!.

FIG. 2. Schematic energy diagram of a SiGenpn hetero-bipolar transistor
~Courtesy J. Arndt, Temic!.
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ing that the maximum oscillator frequency at whic
power amplification is 1, can be approximated
f max50.2Af T(RBCBC), a larger current gain can be trade
against a higherf T and a lower base resistance by reduc
the base layer thickness and simultaneously increasing
base doping. HereCBC is the collector-base capacitance, a
f T is the frequency at which the magnitude of the increm
tal short-circuit common-emitter current gain extrapolates
unity. The quantityf T is given by f T51/2ptEC and, hence,
increases with decreasing base layer thickness, sincetEC is
the transit time of the carrier from the emitter to the colle
tor.

Recent studies at different laboratories have dem
strated that the upper bound on cutoff frequency in agg
sively designed SiGe HBTs is well above 100 GHz, mo
than a factor of 2 higher than the best achieved in silic
The frequenciesf T5116 GHz, f max5165 GHz and noise fig-
ures of 0.5 dB at 2 GHz, as well as power added efficienc
larger than 70% have been reported and there are good
sons to believe that there is still more to come. Simulatio
show that cutoff frequencies close to 200 GHz may well
achieved in SiGe HBTs, suggesting that visions in the p
may still become reality. Assuming that the operating f
quency is about 0.1f T , the realization of such circuits woul
indeed open a wide range of new applications for silico
based technologies.

Though the SiGe HBT is a very interesting and attract
device, bipolar devices and circuits comprise only a sm
fraction of the total market. Realizing that CMOS~together
with BiCMOS! dominates about 80% of the market, SiG
technology will probably never merge with mainstream te
nology if it does not contribute to CMOS technology. A
though in a first approach, SiGe HBTs will probably be co
bined with standard CMOS technology, several attem
have been made to use the performance advantage of sil
based heterostructures also for CMOS applications. Du
the limited scope of this paper, only two examples will
mentioned.

One approach is based on the vertical MOS which,
instance, has been demonstrated by Siemens as an all-s
ROM in MultiMediaCards~1997: 64 Mb, next generation
256 Mb!. Although the channel length is defined by the e
itaxial channel layer, these devices still use a channel len
of 200 nm. The advantage of the vertical MOS over a c
ventional planar MOS is the 4 times smaller area of 2F2

compared with 8F2 for a DRAM and a 4-ms read access tim
of the Multimedia Card application.

A heterojunction at the source side of a vertical MO
keeps the barrier constant in the off-state and is expecte
avoid, among other things, short channel effects such
drain-induced barrier lowering. Simulations suggest that v
tical hetero-MOS with channel length down to about 20 n
may exhibit on-currents of up to 20 000mA/mm2, off-state
currents smaller than 1023 mA/mm2, a transconductanc
larger than 3500 mS/mm, and an intrinsic carrier transit ti
less than 1 ps~Ref. 5!.

Another approach of heterojunction field effect trans
tors ~HFET! has been demonstrated by several laborato
such as the Daimler-Benz Research Laboratories, Ulm, G
he
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many and IBM. The Daimler-Benz design is based on
high-mobility performance of strained silicon and germ
nium channels in otherwise conventional planar layer str
tures~Fig. 3!. Both n-HFET andp-HFET with f max and cut-
off frequencies above 85 GHz and 40 GHz, respective
have already been demonstrated. Similar data have been
tained by IBM. Interestingly, due to the large mobility in
crease of holes in the germanium 2DHG, both types of
vices exhibit similar frequency performances, in contr
with conventional silicon MOS. Simulations suggest th
f max of SiGe HFETs may well approach values above 2
GHz for channel length below 100 nm.

We will soon find out whether or not hetero-CMOS w
overcome the cutoff frequency limit of silicon or wheth
they are challenged by other approaches such as giga
single-electron devices~Ref. 6!. Nevertheless, SiGe~or per-
haps even SiGeC! alloys suggest many interesting possibi
ties for the future. Several companies offer already SiGe
cuits on the market with considerable performan
advantages over conventional devices. The very near fu
will show whether or not SiGe has succeeded in outperfo
ing silicon technology and underselling the III–V technol
gies.

1!This paper was presented at the anniversary meeting of the scientific c
cil of the A. F. Ioffe Physiotechnical Institute of the Russian Academy
Sciences on the occasion of selecting the author an honorary memb
the Institute~September 28, 1998!.

*E-mail: hermann.grimmeiss@ftf.lth.se

1U. Konig, in Proceedings of Nobel Symposium 99, Heterostructures
Semiconductors~Arild, Sweden 4–8 June 1996!, edited by H. G. Grim-
meiss~World Scientific, Singapore, 1997!, p. 90.

2A. M. Wacker ~private communication!.
3A. W. Wieder, Research and Innovation, I/98, p. 39, published by Siem
AG, Corporate Technology Dept., Munich.

4H. Kroemer, Proc. IRE45, 273 ~1957!.
5K. De Meyer~private communication!.
6K. Yano et al., ISSCC 98, p. SA 21.7:A.

This article was published in English in the original Russian journal. Rep
duced here with stylistic changes by the Translation Editor.

FIG. 3. Schematic diagram of a lateral hetero-CMOS and examples fo
frequency response of then-FET andp-FET ~Courtesy U. Konig!.



SEMICONDUCTORS VOLUME 33, NUMBER 9 SEPTEMBER 1999
SEMICONDUCTOR HETEROSTRUCTURES

Heterostructure solar cells
V. M. Andreev* )
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~Submitted March 1, 1999; accepted for publication March 2, 1999!
Fiz. Tekh. Poluprovodn.33, 1035–1038~September 1999!

Heterostructure solar cells based on III-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 space~AM0! and 27.5% for 100-fold concentration of the light
on the ground~AM1.5!. 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. ©1999 American Institute of Physics.@S1063-7826~99!00309-9#
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Photoelectric conversion is one of the most promis
methods for converting solar energy. Since the launching
the satellite Sputnik-3, on which solar batteries were used
the first time, the photoelectric method has been the m
method for obtaining electrical energy on spacecraft and i
ever wider use on earth. Silicon is currently the main ma
rial in solar cells. The efficiency of silicon-based solar ce
is 15–16% under direct solar irradiation near the earth. T
efficiency of these cells is about 20% on the earth un
direct solar irradiation and up to 25–27% at 30 to 50-fo
concentration of the energy of the sunlight. When the illum
nation intensity is increased further, the efficiency of silic
cells decreases because of the elevated operating tempe
and higher resistive losses.

Solar cells based on heterostructures have high effic
cies and high radiation resistance.

The important advantage of heterostructure photoc
verters is their ability to efficiently convert highly conce
trated sunlight~up to 1000–2000 times!, which opens up the
possibility of a substantial~proportional to the degree of con
centration! reduction in the area and cost of solar cells a
thereby, a reduction in the cost of ‘‘solar’’ electric power.

Solar cells based onn-GaAs-p-AlGaAs heterostructures
were first proposed and created at the Ioffe Institute.1,2 The
use of a wide-gap ‘‘window,’’ made of a thin layer of Al
GaAs solid solution~Fig. 1a! that is essentially completel
transparent to sunlight, ensures passivation of the surfac
the photoactive region3,4 and makes it possible to achiev
efficiencies close to the theoretical maxima. Lo
temperature liquid-phase epitaxy was used to crea5,6

multilayer AlGaAs/GaAs heterostructures that yield
record-high efficiencies for solar cells with a sing
p2n-junction: 24.6% for 100 ‘‘suns’’ under the condition
of outer space and 27.5% for 100–200 ‘‘suns’’ on ear
These efficiencies were achieved by reducing the thickn
of the frontal layer of Al0.9Ga0.1As to 30–50 nm, crystalliz-
ing high-quality material in the active region, and creating
9421063-7826/99/33(9)/4/$15.00
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back potential barrier, made of Al0.1Ga0.9As which increased
the efficiency of collecting the charge carriers generated
the light ~Figs. 1b and 2!.

In recent years, MOC-hydride epitaxy~gaseous phase
epitaxy from metal-organic compounds! has come into wide-
spread use for fabricating AlGaAs/GaAs heter
structures.7–11 Solar cell heterostructures with a built-i
Bragg mirror~Fig. 1c! made by this method are of conside
able interest. In the structure developed at the Io
Institute,9,11 instead of a back potential barrier, a multilay
dielectric mirror which consists of 24 alternating layers
GaAs ~60 nm! and AlAs ~70 nm! was fabricated. The reflec
tivity from this sort of mirror is;95% in the spectral inter-
val 7502900 nm. This reflects the part of the sunlight that
not absorbed in the base layer into the active region
makes it possible to maintain a high efficiency of collecti
of the current carriers generated by the light while reduc
the thickness of the base layer and reducing the diffus
displacement lengths. A consequence of its use is a hig
radiation resistance for the solar cells.

Because of their high efficiency and elevated radiat
resistance, solar cells based on AlGaAs/GaAs heterost
tures are widely used in solar batteries in outer space.
solar battery of the base module of the Mir space station
equipped with heterostructure solar cell with a total area
about 60 m2 that was manufactured by the technology dev
oped at the Ioffe Institute. Over its more than ten years
operation, the power of this battery has fall by only 20%.

Cascade solar cells12–16based on multilayer heterostruc
tures with two or morep2n junctions in materials with dif-
ferent band gaps can further enhance the efficiency~Fig. 3!.
In these solar cells, the ‘‘upper’’p2n-junction, made of the
wider-band material, is intended for efficient conversion
the short wavelength part of the sunlight, while the ‘‘lower
p2n-junction, made of the narrow-gap material, is op
mized for conversion of long wavelength light that h
passed through the wide-gap element. Theoretical estim
© 1999 American Institute of Physics
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FIG. 1. Energy band diagrams of solar cel
based on AlGaAs/GaAs heterostructure
a — structure with ap–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; c — structure
with a frontal p-AlGaAs layer of variable
composition; d — structure with a Bragg
mirror in then-region.
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show that in complicated photoconverters of this sort, e
ciencies of greater than 40% are possible.

A substantial enhancement in the efficiency of casc
cells has been demonstrated12,13 in a design with mechanica
fastening~Figs. 3c and 3d!. GaAs is used for the wide-ga
element in this design and either InGaAs or GaSb are use
the material for the narrow-gap element. Here the GaAs
ement is transparent for infrared radiation with waveleng
exceeding 0.9mm, while the narrow-gap element ensur
efficient conversion of the long-wavelength portion of t
sunlight within the spectral range 0.9-1.8mm. Solar cells of

FIG. 2. Sketch of a heterostructure solar cell with a back potential barrie
n-AlGaAs:Te and a prismatic front coating used to reduce the optical lo
due to shading by the front strip contacts.
-

e
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s

this sort have efficiencies of 32-33%~Ref. 13! for 50 to
100-fold concentration of solar radiation when the air mas
present~AM1.5!.

A monolithic design for a cascade solar element~Figs.
3a and 3b!, in which the ‘‘upper’’ and ‘‘lower’’ elements are
connected by ap12n1-tunnel junction, which ensures low

of
es

FIG. 3. Schematic representation~left! and distribution of the width of the
band gapEg ~right! for two types of cascade solar cells: a, b — monolith
construction with ap12n1-junction; c, d — cascaded cells with mechan
cal joint connected by a contact grid.
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FIG. 4. Band energy diagram of a mono
lithic cascade solar cell based on a
AlGaAs/GaAs heterostructure fabricated b
low-temperature liquid-phase epitaxy.
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resistive losses, is of even greater interest. Cascade ce
this sort ~Figs. 4 and 5! have been created on the basis
AlGaInP/GaAs14,15 and AlGaAs/GaAs16 heterojunctions by
MOC-hydride epitaxy14,15 and liquid-phase epitaxy.16 The
maximum attainable efficiencies for these cells are ab
30% ~Ref. 15! for solar radiation passing through the atm
sphere~AM1.5!. When MOC-hydride epitaxy is used for th
purpose, it becomes possible to use substrates of relat
cheap and more durable germanium for fabricat
multilayer III-V heterostructures~Fig. 5!, which opens up the
possibility of reducing the expense and specific power ou
of solar batteries. In addition, as Fig. 5b shows, an additio
~third! p2n-junction can be created in the germanium
these structures, thereby raising the efficiency in a thr
cascade photoconverter of this type. Therefore, record-h
efficiencies have been obtained in heterostructure solar

FIG. 5. Structures of monolithic cascade solar cells based on AlGa
GaAs/Ge heterostructures with two~left! and three~right! photoactive
p2n junctions.
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and there are possibilities for further enhancing their e
ciency and radiation resistance, as well as reducing t
cost.

Power generators with sunlight concentration based
these photocells have recently been developed at the I
Institute for use on the earth and in space.17,18 The ground-
based power systems were based on high-power~5–10 kW!,
high-efficiency photocells and concentrators~mirrors and
Fresnel lenses! that concentrate sunlight by up to 500 time
These devices are equipped with systems for tracking
sun’s position and are completely automatic, which ma
them a promising source of electrical energy for consum
who are far from central electricity supply lines.

The concentrator battery modules for use in space c
tain a lens panel, a honeycomb frame, and stamped p
with solar cells mounted at the focus of the Fresnel lenses
addition to their higher efficiency, using these solar batter
in space offers the following additional advantages: the p
sibility of protecting the photoconverters from ionizing r
diation using the components of the concentrator system,
possibility of selecting a thermal operating regime for t
photoconverters that ensures thermal annealing of radia
defects, and the possibility of performing photon and inje
tion annealing of solar cells operating at elevated photoc
rent densities.

* !E-mail: andreev@scell.ioffe.rssi.ru
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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. ©1999 American Institute of Physics.
@S1063-7826~99!00409-3#
ef
an
s

s
m
ar
s
w
d

.

s
ri
y
rc
g

lan
d
-
a
in
it

of
b
ay
o

ed
it

ac
th
h

th

e
Ds

ed

de
ity
sted
D

the
of

-

ring

ed
or

s of

us-

ces

lloys

h-

the
tries
g the
onal

d

of

a-
en-
nd
re-
1. INTRODUCTION

The advantage of a discrete energy spectrum and
cient overlap of electron and hole wave functions in a qu
tum dot ~QD!1–4 was recognized already in the early 1980
When the first papers3,4 on the possibility of using QDs a
active media of a semiconductor laser with strongly i
proved and temperature insensitive parameters appe
many scientists and engineers started searching for way
fabricate quantum dots and to study their properties. Ho
ever, more than a decade passed until first lasers base
self-organized QDs have been fabricated in 1993~Ref. 5!
and were proven to demonstrate the predicted properties6

2. METHODS OF FABRICATING QUANTUM DOTS

Currently the most promising method of fabricating QD
is based on the effect of spontaneous nanoislanding du
heteroepitaxial growth. Flat~2D! nanoislands are usuall
formed by submonolayer deposition and the driving fo
relates to the surface stress discontinuity at the island ed
The elastic relaxation of the surface stress along the is
boundary makes formation of uniform in size nanoislan
energetically favorable.7 After overgrowth 2D islands repre
sent ultrathin nanoscale ‘‘pancakes’’ inserted in a wide-g
matrix. The localization energy of carriers and excitons
these islands is relatively small, except for materials w
large electron and hole masses are used~II–VI materials,
group-III nitrides!. In view of the small average thickness
the insertion, a possibility of stacking strained 2D islands
keeping the average strain in the epilayer low exists. Arr
of 2D islands usually provide much narrower absorption
gain peaks.

In the case of 3D islands7 the driving force relates to the
elastic relaxation of the volume strain of the island form
on a lattice-mismatched substrate. Possibility of stable w
respect to ripening 3D islands appears if the total surf
energy of the island is smaller than the surface energy of
corresponding area of the wetting layer occupied by it. T
latter is possible if the strain-induced renormalization of
surface energy of the facets is taken into account.8

Oscillator strength in a small QD is not a function of th
QD volume. Thus, dense arrays of very small Q
9461063-7826/99/33(9)/5/$15.00
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(1012cm22) provide much higher modal gain, as compar
to a more dilute array of larger QDs~typically about
1010– 1011cm22). On the other hand, larger QDs can provi
much higher localization energy. This gives some flexibil
in constructing the device. In the case where one is intere
in keeping light maximum absorption or gain values, 2
islands are preferable. High-temperature stability of
threshold current and a maximum long-wavelength shift
the emission~e.g., 1.3 or 1.5-mm range using GaAs sub
strates! are realized for 3D islands.

Dense arrays of QDs can demonstrate lateral orde
due to their interaction via the strained substrate.8 Stacked
3D QD deposition demonstrate vertically-correlat
growth.9,10 The 2D islands demonstrate either correlated
anticorrelated growth, depending on the relative thicknes
the spacer layer.11

Several other promising methods of fabricating QDs
ing self-organization phenomena exist~see, e.g., Ref. 12 and
the references cited there!:

—spontaneous quasiperiodic faceting of crystal surfa
and heteroepitaxial growth of faceted surfaces;

—spontaneous phase separation in semiconductor a
during growth or slow cooling;

—spontaneous alloy decomposition upon hig
temperature annealing.

3. EDGE-EMITTING AND VERTICAL-CAVITY QUANTUM DOT
LASERS

Evident progress in using QDs has been achieved in
area of semiconductor lasers. Two basic device geome
have been applied. In one case, the light propagates alon
plane with QDs, and the resonator represents conventi
Fabri–Perot cavity with natural cleavages as mirrors~see
Fig. 1, on the right!. In the other case, the light is emitte
perpendicular to this plane~see Fig. 1, on the left!, while the
cavity is confined in vertical direction by multilayer stacks
layers that form distributed Bragg reflectors.

The first approach allows fabrication of high-power l
sers utilizing advantages of ultralow threshold current d
sity due to QDs, which can prevent dislocation growth a
suppress laser mirror overheating by nonradiative surface
© 1999 American Institute of Physics
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FIG. 1. QDs are used as active media of semiconductor heterostructure lasers in edge-emitting~right! and vertical cavity~left! geometry.
b
ng

fl

b
l

94
of
d

ha

s

rs

D

f

of

ge

ated

e
r-
th
ilar

ld
e

and
es,

of
the

r-
first
combination due to localization of carriers in QDs.13 In the
second approach lasers with ultralow total currents can
fabricated, and, even more exciting, lasers based on si
QD can be potentially realized.

The important events in the QD laser field can be brie
listed here.

—Photopumped QD laser has been first realized
Ledentsovet al. in 1993 at the A. F. Ioffe Physicotechnica
Institute.5

—First QD injection laser has been fabricated in 19
by a joint collaboration between Technical University
Berlin and A. F. Ioffe Institute. Lasing via the QD groun
state and the temperature-insensitive threshold current
been demonstrated.6

—Room temperature~RT! operation via quantum dot
has been demonstrated.13–17

—Ultrahigh material and differential gain in QD lase
have been manifested.18

—RT lasing with 60 A/cm2 has been realized.19

—Continuous-wave RT high-power operation of a Q
laser~1.5 W; Ref. 20! was realized~see Fig. 2!. For copper
heat sink and waveguide layer thickness of about 0.3mm
these structures show comparable results to the state o
art quantum well~QW! devices.

—Low-threshold InAs QD laser on InP substrate21 emit-
ting in the range 1.84–1.9mm has been fabricated.
e
le

y

y

ve

the

—Significant progress in theoretical understanding
QD lasers with realistic parameters has been achieved.22,23

—Operation of QD lasers in the visible spectral ran
has been demonstrated.24

—Vertical-cavity surface-emitting lasers~VCSELs!
based on QDs with good properties have been demonstr
by Huffakeret al.25

—The joint team from the A. F. Ioffe Institute, Air Forc
Institute of Technology, Ohio, USA, and Technical Unive
sity of Berlin demonstrated a QD vertical-cavity laser wi
parameters which fit to the best values for devices of sim
geometry based on QWs~Ref. 26! ~see Fig. 3!.

—1.31-mm lasing at room temperature with a thresho
current density of 240 A/cm2 is demonstrated for the devic
based on InGaAs QDs in a GaAs host.27

In general, the basic parameters of edge-emitting
vertical-cavity QD lasers approached those for QW devic
while the QD laser story is only starting.

4. UNEXPECTED RESULTS

4.1. Far-Infrared emission in quantum dot lasers

In ultrathin layers, or QWs, there exists a continuum
states at any energy above the subband energy, since
in-plane motion of charge carriers is not limited. If the ca
rier is excited to the second subband, it relaxes to the
wer
FIG. 2. High-power operation of edge-emitting InAs/AlGaAs QD laser~left!. Transmission electron microscopy image of the active region of the high po
QD laser~right!. Stripe length 850mm, width 100mm, waveguide region 0.3mm.
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subband via emission of a descrete quantum of energy—
optical ~LO! phonon. Because of the continuum nature
electron states in a QW, there always exist states in the
subband to which electrons can scatter within 1 ps. In c
trast, in QDs the relaxation time to the ground sublevel ta
typically 10–40 ps. The electron must emit a combination
different phonons to match the energy difference. This
creases the relative importance of the competing relaxa
mechanism via emission of far-infrared~FIR! photons.28

In Ref. 28 the FIR emission was observed in QW a
QD lasers. The intensity of the FIR spontaneous emiss
was about an order of magnitude higher in the QD ca
Moreover, the FIR emission in QDs has a threshold chara
since it requires a much higher intensity of the FIR emiss
in the QD case. Hopefully, this will make it possible to cr
ate a new generation of FIR lasers.

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

QDs make it possible to cover strategically importa
spectral ranges of 1.3 and 1.55mm using GaAs substrates
This is particularly important for VCSELs, where high
quality monolithic AlAs–GaAs Bragg reflectors and deve
oped oxide technology are available only on GaAs s
strates. Recently it was discovered that associates of I
QDs formed at low substrate temperatures29 emit light at
wavelengths up to 1.8mm at 300 K.

4.3. Resonant waveguides

The experimentally measured absorption coefficient
structures with stacked CdSe QDs in a ZnSe matrix in
direction perpendicular to the planes with nanoislands
proachesa5105 cm21 ~Ref. 30!. High absorption coeffi-
cients and lack of exciton screening in dense arrays of Q

FIG. 3. Threshold current (Jth) of the QD VCSEL. The emission spectrum
at 1.3Jth is shown in the inset. The quantum efficiency ish516% at 10mm.
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result in ultrahigh QD exciton~or even higher biexciton!
gain values under generation of nonequilibrium carriers.31

Resonant waveguides are based on the effect of reso
enhancement of the refractive index~n! along the contour of
the absorption~or gain! curve. To have a significant impac
on the waveguiding properties of the media the absorp
peak must be strong enough (Dn;0.5 for a;105 cm21).
For resonant waveguiding it is not necessary to have exte
cladding of the active region with QDs by layers with si
nificantly lower refractive indices. Practically, it means th
lasers can be created in materials having no suitable lat
matched heterocouple with lower refractive index.

4.4. Self-adjusted cavities

In VCSELs the effect of strong resonant modulation
the refractive index serves for self-adjustment of the cav
mode and lasing spectrum. As the material gain of a sin
QD reaches ultrahigh values due tod-function-like density of
states and negligible homogeneous broadening, even s
quantum dot lasing may become possible.32

4.5. Vertical cavity lasers without Bragg reflectors and
cavity

Highly reflective Bragg mirrors on both sides of the ca
ity are necessary for QW VCSELs, since relatively sm
maximum gain in these structures@about 103 cm21 ~Ref. 4!#
requires low external losses of the device. However, if
maximum gain can be made high enough, there is no nee
make Bragg mirrors highly reflective. For gain values e
ceeding 105 cm21 and active layer thickness of 200 nm th
facet~or mirror! reflectivity of the order of 30% is enough t
achieve vertical lasing. Due to the low finesse of the cav
and the self-adjustment effect, strict fitting of the cavity a
the gain spectrum is not required. This effect was dem
strated for 20-times stacked CdSe submonolayer QD in
tions in a ZnMgSSe host33 grown on a GaAs substrate.

4.6. Quantum dot composites

The gain of the array of QDs is not defined by a simp
sum of gains of single QDs. Interaction of electromagne
fields of anisotropic QDs or anisotropic QD lattices mak
the splitting of the TE and TM modes for the same Q
exciton transition inavoidable. This effect can result in sp
ting as large as several tens of meV, as was predicted t
retically and is proven experimentally33. Maximum gain of
the QD ansemble is also a strong function of the relat
arrangement of QDs.33

4.7. ‘‘quantum-well’’ lasers

Most of recent industrial QW lasers are based on t
layers of alloys used as active regions. It is clear now t
these layers in most cases exhibit quasiperiodic nanos
compositional modulations that create in many cases de
arrays of quantum wire- or QD-like structures.12 By using
the same average alloy composition the luminescence p
energy can be tuned at several hundred meV by tuning
growth conditions.34 Careful evaluation of the impact of suc
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949Semiconductors 33 (9), September 1999 N. N. Ledentsov
effects on lasing characteristics of modern lasers is neces
to clear up the role of self organized QDs or quantum wi
in this case.

5. CONCLUSION

QDs ~Ref. 35! modified all the basic commandments
the double heterostructure~DHS! laser.36,37

DHS, DHS QW QD

—lattice matching undesirable
—material gain orders of magnitud

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
—lasing in optical and near-IR range and simultaneous

FIR emission
—one family ~III-V–III-V,... ! is not necessary

~InAs/Si QDs!
limited wavelength range on GaAs is extended to

1.8 mm

It appears that the QD laser seems to be a comple
new device with properties which can remarkably expa
our possibilities in many applications, rather than simply
laser with some parameters improved with respect to
DHS or DHS QW laser.3,4
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Quantum dots: Paradigm changes in semiconductor physics
D. Bimberg
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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 1011cm22 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.@S1063-7826~99!00509-8#
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1. INTRODUCTION

Recent breakthroughs in solid state physics are relate
the fast development of the new classes of structures—
organized quantum dots~QDs!. These unique objects com
bine advantages of a bulk semiconductor with those of sin
atoms. Their physical properties resemble an atom in a c
It is possible to touch a semiconductor quantum dot wit
tip of a scanning tunneling microscope, inject charged ca
ers and monitor emission from a single QD, and real
many other unique experiments. Interaction of carriers
QDs is defined completely by the laws of quantum mech
ics and no ‘‘motion’’ of carriers is possible in a tradition
sense. The main mechanism of the information transfer
tween QDs becomes single electron tunneling and Coulo
interaction of carriers in neighboring dots. These give rise
novel directions in microelectronics: single electronics a
quantum dot cellular automata computing. QDs allow s
nificant improvements of characteristics of many modern
vices: e.g., infrared detectors, light-emitting diodes, las
and solar cells. Since the publication of the fir
experimental1 and theoretical2,3 papers on QDs, some funda
mental understanding of their physical properties, th
growth, and their device relevance has been obtained.4–6

2. ELECTRONIC SPECTRUM OF A QUANTUM DOT

To understand the reasons for the unique propertie
QDs let us first refer to the electronic spectrum of a 3D so
It is well known that a single atom has discrete energy lev
separated by energy gaps, as shown in Fig. 1. When an a
is excited, the electron goes to the higher energy level,
when it relaxes back to the ground state, a photon w
strictly defined energy is emitted. The width of the emiss
or absorption line (DE) is defined by the fundamental rela
tion with the lifetime of the electron in the upper state. T
uncertainty in the emitted energy is

tDE>\, ~1!

where t is the total lifetime of the electron in the excite
state.

In contrast to the case of a diluted gas of atoms,
atoms in crystals are strongly bound to each other. Their h
9511063-7826/99/33(9)/5/$15.00
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density in crystals plays a very important role in mode
solid-state devices allowing high absorption or~in the case of
population inversion! high gain, providing high conductivity
and making possible high density flows of charged carr
through the crystal. Accordingly, a modern semiconduc
laser with length of 1 mm and cross section of 1024 mm2 can
emit continuous light with power of several watts, while
corresponding gas laser is several meters long.

At the same time, small separation between atoms ma
interaction of their electron levels unavoidable. This intera
tion results in the formation of wide bands of allowed stat
in contrast with the discrete~d-function-like! energy spec-
trum of single atoms. In semiconductors, the last filled ba
of allowed states is called ‘‘valence band’’ and the ne
empty band is called ‘‘conduction band.’’ Due to the bro
spectrum of allowed states in these bands, a wide rang
transition energies between electrons from the filled vale
band to empty states in the conduction band is possible.
absorption band is rather broad, on the order of several e
tron volts, in marked contrast with the sharp line absorpt
spectrum of a single atom. The excited electrons in the c
duction band and the empty states in the valence b
~‘‘holes’’ ! can move in the crystal via tunneling betwee
sites of the crystal lattice. Since the atom potential profile
a crystal is periodic, electrons and holes can move fre
through the crystal, as free carriers do in vacuum. Howev
the motion of charged carriers in crystals is described b
mass different from that of free electrons, defined by
crystal field. The carriers are therefore called ‘‘quasipa
cles.’’ In the widely used optoelectronic III–V materia
~gallium arsenide—GaAs; indium arsenide—InAs, etc.!, the
effective masses of the electrons are in the range of 0.01
of the electron mass in vacuum.

Wide bands of allowed states in the crystal provi
many possibilities for the scattering of electrons and ho
Lattice vibrations easily stimulate transitions of charge c
riers in the energy range defined by the lattice tempera
and/or scatter their direction. The tails of the carrier distrib
tion near the bottom of the conduction band and the top
the valence band increase markedly with temperature. T
the concentration of carriers per energy interval near
band edge drops. For the same concentration of injected
© 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.
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riers, broadening of their energy spectra, among other di
vantages, leads to a decrease in the maximum gain and
degradation of laser performance.

The situation changes dramatically if the motion of t
charged carrier in the crystal is limited to a very small v
ume, e.g., a three-dimensional rectangular box. Localiza
of carriers can be provided by a surrounding~host! material.
In the case of a laser, it is important that the host mate
have a larger band gap than the box material and that
potential wells are attractive for electrons and for hol
Since an electron shows properties of both a particle an
wave if the size of the box is small, the electron ener
spectrum is quantized similarly to the case of electron qu
tization in the attracting Coulomb potential of a nucleus. In
simplified case of infinite barriers at the box-host interfa
the quantum-well energy is described by

Ex,y,z5
\2

2me*
S pn

Lx,y,z
D 2

, ~2!

where me* is the electron effective mass,Ex,y,z is the
quantum-well energy due to electron localization in the b
with dimensions Lx , Ly , and Lz , respectively, andn
51, 2, 3,... .

Electrons in crystals usually have rather small effect
mass, and an already large size of the box of about 10
can result in a large energy separation between electron
d-
o a

n

al
he
.
a

y
n-
a
,

x

e
m
b-

levels ~about 100 meV for GaAs QD!. The latter value sig-
nificantly exceeds the thermal energy at room tempera
~26 meV!, and thus the population of excited states can
avoided. In this sense, there will be no temperature dep
dence of the optical spectrum of such a box in a wide te
perature range, and the realization of temperature-insens
devices is possible.

3. SELF-ORGANIZED GROWTH OF QDs

Until recently, there were no ideas of how to realize Q
with size and uniformity required for applications and com
patible with modern semiconductor technology. Tradition
methods based on patterning of structures with ultrathin l
ers suffered either from insufficient lateral resolution or
troduced heavy damage in the material upon process
There were also predictions that, even if ideal QDs could
fabricated, they can be hardly used for real devices si
ultralong relaxation times between electron sublevels w
expected.

The breakthrough how to fabricate QDs with requir
properties came by using an effect which is traditionally co
sidered as undesirable by crystal growers. It was found th
one deposits a layer of a material having a different latt
constant with the substrate, the growth of a strained mate
first proceeds in a planar mode, a ‘‘wetting’’ layer is forme
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However, at some critical thickness this planar growth
followed by a Stranski-Krastanow mode. Three-dimensio
nanoscale islands are formed on surfaces, as was de
strated first for the case of growth of indium arsenide
gallium arsenide in 1985 by a group at CNET, Franc5

When these islands are covered with GaAs, a GaAs ‘‘p
with InAs ‘‘raisins’’ is formed. Since InAs has a muc
smaller band gap than GaAs, an array of InAs QDs
formed. Initially this technique did not attract much attenti
since dislocation-free QDs uniform in size and shape co
not be produced.

The driving force for the formation of three-dimension
islands is related to elastic strain relaxation. The materia
top of the pyramid can relax elastically expanding
vacuum, which gives rise to a significant energy advanta
For 45° facet angle of the pyramid, 60% of the elastic ene
accumulated in the biaxially compressed flat layer
relaxed.6,7 On the other hand, formation of pyramids resu
in an increase of the total surface area. If formation of isla
results in an increase of the surface energy of the system
initially formed islands will undergo ripening since the sy
tem will reduce the total surface area covered by QDs.

Quantum dots uniform in size and shape, stable w
respect to ripening, can be fabricated only if the total surf
energy of the island is smaller than the surface energy of
corresponding area of the wetting layer occupied by it. If o
takes into account that the major surface properties, e.g.,
face reconstruction, surface stress etc., are strongly affe
by the strain state of the crystal, one can conclude that t
can differ significantly for the strained wetting layer and t
facet of the relaxed pyramid. Numerical estimates of
strain-induced renormalization of the surface energy, m
by Shchukinet al.,7 indicate that ‘‘equilibrium,’’ equisized,
and equishaped islands which do not undergo ripening, p
ably can be formed.

Optimization of growth parameters to realize equili
rium arrays is a difficult task to be solved for each mate
system separately.8 If islands uniform in size and shape a
formed, one speaks of ‘‘self-organized quantum dots’’ sin
this system represents a clear example of spontaneous
mation of macroscopic order from initially random distrib
tions. In the case of dense arrays of QDs, their interaction
the strained substrate makes their lateral ordering favora7

Growth on patterned surfaces can also lead ordered Q9

For multistack QD deposition vertically correlated growth
QDs has been demonstrated5,8 and, thus, quasicrystals com
posed of quantum dots either in two or in all three dime
sions can be fabricated. For islands having a tw
dimensional shape, either correlated or anticorrelated gro
is possible, depending on the relative thickness of the sp
layer.10

4. PROOF OF ELECTRONIC QUANTUM DOT

An important breakthrough in understanding the el
tronic properties of semiconductor QDs occurred when
was demonstrated that ultranarrow luminescence lines f
single InAs QDs~Refs. 11 and 12! exhibit no broadening
with temperature,13 a very unusual phenomenon for an
s
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electron-hole emission in semiconductors, in complete ag
ment with theoretical predictions for electronic QDs~see Fig.
2!.

A lot of progress has been made in the last few yea
more than in decades of previous research. We have lea
about QDs in different material systems, about the elect
spectrum in type-II QDs, and about radiative recombinat
and relaxation processes. Numerous teams contributed to
development of this subject. Among them Ioffe Institu
CNET, UCSB, USC, Stanford, Lund, Sheffield, and Nottin
ham Universities, Max-Planck Institute in Stuttgart, a
many other groups and institutions.

5. SINGLE ELECTRONICS

Single electronics is based on quantum effects relate
the charging of QDs and tunneling of carriers through it.
the ground state of a QDs is not occupied, external electr
can tunnel to this level. If the QD ground state is occup
with one electron, an additional energy is necessary to
another electron in the QD because of the Coulomb repuls
with the existing electron. This ‘‘Coulomb blokade’’ regim
makes it possible to realize principally new logic and ope
tional principles for new generations of microelectronic c
cuits.

6. QUANTUM DOT MOLECULES. QUANTUM DOT
CELLULAR AUTOMATA

If QDs are placed together forming a cell with wel
defined symmetry and allowing ‘‘switching of carriers’’ be

FIG. 2. Ultrasharp luminescence lines from single QDs at 20 K~a! which do
not show broadening with temperature increase~b!.
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FIG. 3. STM image of free-standing InAs QDs of Si~100! surface~a! and high-resolution transmission electron microscopy image of Si-covered coh
InAs QDs in Si matrix~b!.
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tween two or more energetically equivalent positions in
cell, and if these cells are combined in a network, a n
concept for construction of integrated circuits appears. In
case it is not the current which carries the information,
the polarization of the QD chain or the QD molecule.
principle, the operation of such a molecule can be m
practically energy dissipation-free, and the informati
propagates at the speed of electromagnetic waves.14

7. DATA STORAGE

Ultrahigh area density of QDs and potentially very hi
localization energy of carriers in QDs make it possible
realize a new generation of memory devices. QDs can
also made of magnetic materials or serve as an active
dium in photon-memory devices.

8. FAR-INFRARED DETECTORS AND EMITTERS

Size quantization of carriers in all three dimensions
sults in lifting of k-selection rules that prohibit intrasubban
absorption in quantum wells~QWs! for the light propagating
perpendicular to the surface of the wafer. This makes
far-infrared detectors advantageous with respect to th
based on QWs. Reduction of the depopulation rate of up
sublevels15 in view of the necessity of multiphonon emissio
to fit the intrasublevel energy in properly designed QDs
sults in much better probability of attaining population inve
sion for intrasublevel transitions in QDs.

9. LIGHT EMITTERS

Electron and hole overlap is close to unity in a QD. T
lifting of the k-selection rule for radiative annihilation o
excitons and the lack of screening of Coulomb interact
between electrons and holes results in ultrahigh material
in a QD. The material gain is also inversely proportional
the QD volume, and dense arrays of very small QDs
result in maximum gain on the order of 105 cm21. Such a
high gain affects the refractive index in the vicinity of th
e
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e
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-

D
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n
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absorption/gain resonance, resulting in a strong pho
energy-dependent oscillatory variation of the refractive
dex, which leads to resonant waveguiding without
heterostructure.16,17

No Fermi function describes the statistical properties
a QD ensemble like carrier distribution. Basic equations
microstates describe static and dynamic properties like g
capture, recombination, etc.18 High-temperature stability of
the threshold current in a QD laser is demonstrated,19 in
agreement with the theoretical predictions, and theoret
understanding of the QD laser has been achieved.20,21 Com-
petitive edge22–24 and surface-emitting25 lasers are created.

10. NEW CHALLENGES IN HETEROEPITAXY: InAs
QUANTUM DOTS IN Si

Another field, in which application of QDs can play a
extraordinary role, is related to silicon. Silicon, the maj
material for modern microelectronics, provides very lo
probability for injected electrons and holes to recombine
diatively, and cannot be used in lasers and light-emitt
devices. If it is possible to insert narrow-gap QDs~e.g., made
from InAs!, which have a high probability of radiative re
combination, in such a way that electrons and holes will
trapped in the QDs, a silicon-based device with extrem
efficient radiative recombination can be created. The po
bility of depositing such InAs quantum dots on Si surfa
was recently demonstrated.26

A scanning tunneling microscopy image of free-stand
InAs QDs on a silicon~100! surface and a high-resolutio
transmission electron microscopy image of silico
overgrown InAs QDs are shown in Fig. 3a and 3b, resp
tively. Coherent InAs QDs in a silicon host demonstra
broad photoluminescence band peaking at 1.3mm at a tem-
perature 77 K and at 1.6mm at a temperature 300 K.

New generations of photonic and electronic devic
based on quantum dots, which are revolutionizing semic
ductor technology and industry, are emerging presently.
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J. Böhrer, F. Heinrichsdorff, D. Bimberg, S. S. Ruvimov, P. Werne
U. Richter, U. Go¨sele, J. Heydenreich, V. M. Ustinov, A. Yu. Egorov
M. V. Maximov, P. S. Kop’ev, and Zh. I. Alferov, inProceedings of the
22nd International Conference on Physics of Semiconductors, Vancouver
~1994!, edited by D. J. Lockwood~World Scientific, Singapore, 1995!,
V. 3, p. 1855.

12J.-Y. Marzin, J. M. Gerard, A. Izrae¨l, D. Barrier, and G. Bastard, Phys
Rev. Lett.73, 716 ~1994!.

13M. Grundmann, J. Christen, N. N. Ledentsov, J. Bo¨hrer, D. Bimberg, S. S.
Ruvimov, P. Werner, U. Richter, U. Go¨sele, J. Heydenreich, V. M. Usti
nov, A. Yu. Egorov, A. E. Zhukov, P. S. Kop’ev, and Zh. I. Alferov, Phy
Rev. Lett.74, 4043~1995!.

14C. S. Lent, P. D. Tuogaw, and W. Porod, Appl. Phys. Lett.62, 714~1993!.
,

.

,

,

15H. Benisty, C. M. Sotomayor Torres, and C. Weisbuch, Phys. Rev. B44,
10 945~1991!; T. Inoshita and H. Sakaki, Phys. Rev. B46, 7260~1992!.

16N. N. Ledentsov, I. L. Krestnikov, M. V. Maximov, S. V. Ivanov, S. L
Sorokin, P. S. Kop’ev, Zh. I. Alferov, D. Bimberg, and C. M. Sotomay
Torres, Appl. Phys. Lett.69, 1343~1996!.

17I. L. Krestnikov, M. V. Maximov, A. V. Sakharov, P. S. Kop’ev, Zh. I
Alferov, N. N. Ledentsov, D. Bimberg, and C. M. Sotomayor Torre
J. Cryst. Growth184/185, 545 ~1998!.

18M. Grundmann and D. Bimberg, Phys. Rev. B55, 4181~1997!.
19N. 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 H. Heydenreich, Electron. Lett.30,
1416 ~1994!.

20L. V. Asryan and R. A. Suris, IEEE J. Select. Topics Quant. Electron3,
148 ~1997!.

21M. Grundmann and D. Bimberg, Jpn. J. Appl. Phys.36, 4181~1997!.
22N. N. Ledentsov, V. A. Shchukin, M. Grundmann, N. Kirstaedte

J. Bhrer, 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. Ruvimo
P. Werner, U. Go¨sele, and J. Heydenreich, Phys. Rev. B54, 8743~1996!.

23F. Heinrichsdorff, M.-H. Mao, A. Krost, N. Kirstaedter, D. Bimberg
A. O. Kosogov, and P. Werner, Appl. Phys. Lett.71, 22 ~1997!.

24M. V. Maximov, Yu. M. Shernyakov, A. F. Tsatsul’nikov, A. V. Lunev
A. V. Sakharov, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, A. R
Kovsh, P. S. Kop’ev, L. V. Asryan, Zh. I. Alferov, A. O. Kosogov, an
P. Werner, J. Appl. Phys.83, 5561~1998!.

25J. A. Lott, N. N. Ledentsov, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov
P. S. Kop’ev, Zh. I. Alferov, and D. Bimberg, Electron. Lett.33, 1150
~1997!.

26G. E. Cirlin, V. N. Petrov, V. G. Dubrovsky, S. A. Masalov, A. O
Golubok, N. I. Komyak, N. N. Ledentsov, Zh. I. Alferov, and D. Bimber
Pis’ma Zh. Tekh. Fiz.24~4!, 290 ~1998! @Tech. Phys. Lett.24~8!, 10
~1998!; A. F. Tsatsul’nikov, A. Yu. Egorov, P. S. Kop’ev, A. R. Kovsh
M. V. Maximov, N. A. Bert, V. M. Ustinov, B. V. Volovik, A. E. Zhukov,
Zh. I. Alferov, G. E. Cirlin, A. O. Golubok, S. A. Masalov, V. N. Petrov
N. N. Ledentsov, R. Heitz, M. Grundmann, D. Bimberg, I. P. Soshnik
P. Werner, and U. Go¨sele,Proceedings ICPS 24, Jerusalem, 1998~World
Scientific, 1998!.

This article was published in English in the original Russian journal. Rep
duced here with stylistic changes by the Translation Editor.



SEMICONDUCTORS VOLUME 33, NUMBER 9 SEPTEMBER 1999
Electrons and phonons in quantum wells
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The modulation of electron and polar optical phonon states in an AlGaAs/GaAs/AlGaAs
quantum 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. ©1999 American Institute of Physics.
@S1063-7826~99!00609-2#
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INTRODUCTION

The confinement of electrons and phonons in semic
ductor quantum wells~QW’s! improves their electrical and
optical properties with respect to bulk materials. Semic
ductor QW structures have received considerable atten
because of their potential for use in lasers operating in
infrared region,1–3 for nonlinear optical elements, and fo
infrared photoelectric detectors.4 The enhancement of elec
tron mobility in QW’s has attracted increasing attention
many authors.5–14

In this paper we consider the role of modulation of ele
tron and polar optical~PO! phonon states in AlGaAs/GaAs
AlGaAs QW’s in the change of electron mobility, photoe
cited electron subband population and photovoltaic effe
The conditions for electron mobility enhancement and
inversion of photoexcited electron subband population
determined. The case of AlGaAs/GaAs/AlGaAs structu
with and without an inserted AlAs barrier is consider
~Fig. 1!.

This paper is organized as follows. In Sec. 1 the pe
liarities of electron–phonon scattering rate in QW’s a
considered. The dependences of photoexcited electron
band population and photovoltaic effect on intersubba
scattering rates are determined in Secs. 2 and 3. The co
bution of intra- and intersubband electron-PO-phonon s
tering to the electron mobility in the QW is calculated
Sec. 4.

1. ELECTRON–PO-PHONON SCATTERING RATE IN A
QUANTUM WELL

According to the Fermi golden rule, the transition fr
quency of electrons, which are confined in the QW, from
initial statek i , Esi to any final statesk f , Es f in all f electron
subbands by emission~absorption! of all n-modes of PO
phonons can be written as
9561063-7826/99/33(9)/5/$15.00
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W6~ki ,Esi!5(
n

(
f

(
k f

4pme2

\3 uGn~z!u2Fqn

3S Nqn1
1

2
6

1

2D d~kf
22ki

21b6!, ~1!

Gn~z!5E
Le

we1~z!we2~z!wqn~z!dz, ~2!

wherez is the quantization direction,Le is the area where
electron wave functionweiÞ0, m, e, k i , Esi , andwei are the
electron mass, charge, wave vector, subband energy,
normalized wave function, respectively,wqn(z) is the
z-component of then-mode phonon potential function,Nqn is
the number ofn-mode phonons, and

b65
2m

\2 ~Es f2Esi6\vn!. ~3!

The upper~plus! sign is for phonon emission and the low
~minus! one is for phonon absorption.

In the dielectric continuum approach the square of p
non normalization coefficient can by written as11

FIG. 1. Schematic view of an Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As QW struc-
ture. L is the QW width,Lb is the position of a thin AlAs barrier with the
thicknessd. U050.3 eV is the heterojunction potential.
© 1999 American Institute of Physics
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Fqn5
\

S F S d«1

dv D
n

E
1
f ndz1S d«2

dv D
n

E
2
f ndzG21

, ~4!

whereS is the in-plane of the normalization area,«1 and«2

are the dielectric functions, and

f n5q0n
2 uwqnu21Udwqn

dz U2

,

whereq0n is the wave vector of emitted~absorbed! n-mode
phonon in the plane of QW:

q0n
2 5ki

21kf
222kikf cosu, kf

25ki
21b6 , ~5!

whereu is the angle between the initial wave vectork i and
the final onek f . The subscripts 1 and 2 correspond to t
QW and barrier regions, respectively.

The electron wave functions are obtained by solving
Schrödinger equation for the QW under consideration. T
phonon potentials are obtained by solving the Laplace eq
tion using dielectric continuum approach. The phonon pot
tials in the AlGaAs/GaAs/AlGaAs QW with a thin AlAs bar
rier can be divided into three separate branches: inter
phonons localized at the AlAs barrier with the potentialwq

B ,
interface phonons localized at the AlGaAs/GaAs heteroju
tion with the potentialwq

HJ , and confined phonons with th
potentialwq

C .
Using Eq.~1! and the calculated expressions for the el

tron wave function and phonon potentials, we can obtain
electron–phonon scattering rates by various pho
branches. For the confined electron scattering rate by c
fined phonons

Wi f
C6

5FC
6 (

n51

`

uGC~z!u2
2

L E
0

2p du

~qn
21qz

2!
, ~6!

with

FC
65

me2

2p\3 S NqC1
1

2
6

1

2D \v0

2 S 1

«1`
2

1

«1s
D , ~7!

GC~z!5E
Le

weiwe f sin~qzz!dz, qz5n
p

L
, ~8!

where\v0 is the energy of a bulk longitudinal phonon,«1`

and«1s are the high-frequency and static dielectric consta
respectively, andL is the QW width.

For the confined electron scattering by the heteroju
tion n-mode interface phonon atqL.2

Wi f n
HJ6

5FIFn
6 E

0

2p

uGHJn~z!u2
du

2q0n
, ~9!

where

FIFn
6 5

me2

2p\3 S Nqn1
1

2
6

1

2D\Fd«1

dv U
n

1
d«2

dv U
n
G21

, ~10!

GHJn~z!5E
Le

weiwe fwqn
HJdz. ~11!

For the confined electron scattering by the barr
n-mode interface phonons atqL.2, qd!1
e
e
a-
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n
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r

Wi f n
B 5Fi f n

6 E
0

2p

uGBn~z!u2
du

2q0n
, ~12!

where

GBn~z!5E
Le

weiwe fwqn
B dz. ~13!

The frequency of the confined phonons is equal to
longitudinal PO phonon frequency in a bulk GaAs\v0

536.2 meV. The frequencies of the heterojunction interfa
phonons atqL.2 are\vn533.1, 35.4, and 45.9 meV. Th
frequencies of the interface phonons at the AlAs barrier
qd!1, ~whered is the barrier thickness! are\vn536.2 and
50.1 meV.

The electron–phonon scattering rates depend sig
cantly on a QW width. The main peculiarity of this depe
dence is a very sharp change of the intersubband scatte
rate at the QW width at which the electron intersubba
energy is equal to the phonon energy. In this case the em
~absorbed! phonon wave vectorq0→0 @see Eq.~5!# and the
scattering rates proportional toq0

21 increase sharply. Figure
2 shows the QW width dependence of the intersubband s
tering rate~which includes scattering by all phonon mode!.

2. PHOTOEXCITED ELECTRON SUBBAND POPULATION IN
A QUANTUM WELL

Let us calculate the intersubband distribution of ele
trons photoexcited from the valence band to the third s
band of the conduction band. The balance equations for n
equilibrium photoelectron subband populationni in three
subband levels are

a3I g2W31n32W32n31W13n11W23n25W03n3[I 3 ,

a2I g1W32n32W21n22W23n21W12n15W02n2[I 2 ,

a1I g1W31n31W21n22W13n12W12n15W01n1[I 1 ,
~14!

whereaiI g is the flow of photoexcited electrons down to th
bottom of thei-subband, which is proportional to the inten

FIG. 2. The QW width dependence of the intersubband scattering ratesWi f

betweeni- and f-subbands for electrons with kinetic energyEi56.6 meV.
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sity I g of photoluminescence~PL! excitation source and to
the probabilitya i;^@12 f (E)#& that the subband’s bottom
electron state is not occupied,

Wi f 5^Wi f ~E!@12 f ~E6\v!#& ~15!

is the intersubband transition rate,W0i is the exciton forma-
tion rate~we assume that the radiative transitions through
electron-hole exciton states are dominant!, andI i are the PL
peak intensities which are proportional toi-subband photo-
excited electron population. The brackets^ & means the aver
age value:

^A&5E A f~E!dEY E f ~E!dE, ~16!

wheref (E) is the Fermi-Dirac distribution function. We nor
malize the PL peak intensities:I 11I 21I 351, and assume
I g51 anda11a21a351.

Figure 3 shows the calculated QW width dependence
PL peak intensity in the Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As
structure. We see that at 17,L,26 nm the inversion of pho
toexcited electron population in the second and first s
bands takes place. At these QW widths the subband en
separation between the third and the second subband
larger than the confined and interface phonon energies,
between the second and the first subbands is less than
energies. As a result,W32@W21. These are the main criteri
for achieving the population inversion in the QW. The inve
sion in PL peak intensities (I 2.I 1) has been observe
experimentally.15

3. ELECTRON IN ASYMMETRIC COUPLED QUANTUM
WELLS. PHOTOVOLTAIC EFFECT

The insertion of a thin AlAs barrier into the GaAs qua
tum well ~QW! deforms the electron wave functionwe . Fig-
ure 4 shows the variation ofuweu2 across the QW of width
L520 nm for the three lower electron subbands when
barrier is inserted. We see that the distribution of the elect
charge across the QW in the subbands is nonsymmetric.
deformation of the electron wave function causes the volt
across the QW to appear.

FIG. 3. The well width dependence of PL peaksI i corresponding to the
subbandsi in the Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As quantum well.
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The photovoltaic potential arises across the asymme
coupled QW when the electrons are photoexcited from
first subband to the second subband due to different elec
charge deformations in these subbands

Vpn5
e

«1
Dn E

L1

L2 F E
L1

z

~ uwe1~z8!u22uwe2~z8!u2!dz8Gdz.

~17!

L22L1 is the area, whereuweiu2Þ0.
The calculated photovoltaic voltage for the case wh

the AlAs barrier is inserted in the QW atLb57.5 nm, and
where electrons with the concentrationDn5831014m22 are
photoexcited from the first subband to the second one
equal to 2.2 mV. The photovoltaic effect in asymmet
coupled QW’s can be used for the detection of infrared
diation. The photovoltaic response to the radiation which
cites the electrons from the first QW subband to the sec
one is

Vpn

P
5

e

«1

W32

W21~W311W32!hn13

3E
L1

L2 F E
L1

z

~ uwe1~z8!u22uwe2~z8!u2!dz8Gdz,

~18!

whereP andhn13 are the power and the energy of the optic
excitation signal. This signal is proportional to theW21

21

which can be large whenEs22Es1,\v0 .

4. ELECTRON MOBILITY IN THE QUANTUM WELL

Let us estimate the contribution of PO phonon confin
ment in the QW to the electron mobility in th
Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As QW with and without the
inserted thin AlAs barrier. The electron mobility limited b
PO phonon scattering we shall estimate in the relaxation t
approximation. The relaxation timet r of the perturbed elec-
tron statek i to the equilibrium statek f ~Ref. 16!

FIG. 4. The dependence of electron wave function squareduweiu2 on the
coordinatez across the QW in the three lower subbands~1,2,3! in a GaAs
QW of width L520 nm with 1-nm AlAs barrier inserted atLb57.5 nm.



fo

ro

io

es
n

ie
dif
hs
us
s

he

.
s
s
it

on
t

n
h
f
nl

c
he

o
W

he
at-
er

le

-

ed

tion
ub-
nse-

s in
n-
ng.
the
ote
s/
f

the
nes
QW

959Semiconductors 33 (9), September 1999 Požela et al.
1

t r~k i !
5(

k f

$Wi f @12 f ~k f !#1Wf i f ~k f !%

5(
k f

Wi f

12 f ~k f !

12 f ~k i !
~19!

is involved as momentum relaxation time. Heref (k) is the
Fermi-Dirac distribution function, andWi f is the probability
of electron transition from the statei to the statef. In the
parabolic subbands we have the following expression
electrons with energyE in the subbandi:

1

t ri ~E!
5(

n
(

f
Wi f n

6
12 f ~E7\vn!

12 f ~E!
, ~20!

wheren andf are the numbers of phonon mode and elect
subband, respectively. The upper~plus-minus! sign is for
phonon emission and lower one is for phonon absorpt
The Wi f n

6 is determined for each phonon mode by Eq.~1!.
The mobility of the subbandi electrons is

m i5
e

m K 1

t ri ~E!L 21

. ~21!

The average mobility in the QW is

m5(
i

m ini /n0 , ~22!

where

ni5DE
Ei

`

f ~E!dE ~23!

is the electron concentration in the subbandi, D5m/p\2,
andn05( ini .

It is known that the relaxation time approximation giv
only crude estimation of the mobility limited by PO phono
scattering, but this approximation is expected to be suffic
for the purpose in which we are interested: The relative
ference between the mobilities in QW’s with different widt
and the relative contribution to electron mobility of vario
electron scattering mechanisms by various phonon mode

Note that the values of the mobility calculated in t
relaxation time approximation in bulk GaAs@m
550 m2/~V•s! at T577 K and m50.65 m2/~V•s! at T
5293 K# are close to the experimentally observed values

Figure 5 shows the calculated well width dependence
the Fig. 5 electron mobility in the AlGaAs/GaAs/AlGaA
QW. The dependences are characterized by the superpos
of the two types of minima: the smooth~sawtooth-like!
minima and the sharp minima. The sharp minima corresp
to the resonant increase of electron scattering rates by
interface phonons when the subband energy separatio
equal to the heterojunction interface phonon energies. T
situation takes place atL514 and 16–17 nm. Disregard o
scattering by the interface phonons with allowance for o
confined phonon scattering shows that the smooth~sawtooth-
like! dependences are determined by two competing effe
The first effect is the reduction in the strength of t
electron-confined phonon interaction, which lead to the m
bility enhancement in proportion to the increase of the Q
r

n

n.

nt
-

.
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d
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width L @see Eq.~6!#. The second one is the decrease of t
electron mobility at QW widths when the intersubband sc
tering by absorption of the confined phonon from the low
subband to the second subband~at L516 nm! and to the
third subband~at L530 nm! becomes energetically possib
(DEi f <\v0).

At low electron concentration (nS51014m22) the mobil-
ity in the QW of width L510– 15 nm,L520– 30 nm, and
L.35 nm is slightly larger than in a bulk material. The in
crease of electron concentration (nS51016m22) in the QW
decreases drastically the electron mobility which is limit
by PO phonon scattering~see Fig. 5!. The rise of the electron
energy in the lower subband due to the electron degenera
is responsible for the strong enhancement of the inters
band scattering rate by the confined phonons, and, co
quently, for the decrease of the electron mobility.

We see that the confinement of electrons and phonon
the AlGaAs/GaAs/AlGaAs HEMT channels does not e
hance the electron mobility limited by PO phonon scatteri
Moreover, the increase of the carrier concentration in
channel decreases significantly the electron mobility. N
that mobility measured experimentally in the AlGaAs/GaA
AlGaAs QW’s is lower than in a bulk GaAs. In the QW o

FIG. 5. The electron mobility as a function of QW widthL at T577 K for
nS51014 m22 ~upper curves! and for nS51016 m22 ~lower curves!. The
thick and thin solid lines correspond to electron–phonon scattering in
QW with and without the inserted barrier, respectively. The dashed li
correspond to the electron scattering by confined phonons only in the
without the barrier.
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width L515– 20 nm at T580 K m54 m2/~V•s! at nS

51016m22, ~Ref. 7!, and m56 m2/~V•s! at nS51015m22

~Ref. 6!. These experimental data are close to the calcula
mobilities ~see Fig. 5!. This mobility decrease can be com
pensated for by inserting a thin AlAs barrier into the QW
which is transparent to electrons but reflects PO phono
We call this barrier a phonon wall.17

The insertion of the barrier into the center of the Q
changes the electron subband energy spectra. The sub
energies are grouped into pairs with increasing separa
energy between the pairs. This separation energy is com
rable with the phonon energy only atL>30 nm. As a result,
the sharp resonant peaks of the mobility disappear and
positions of the wide mobility minimum shift to large QW
widths. This is shown in Fig. 5. The particularly large i
crease of the mobility is observed in the case of high elec
sheet concentration (nS51016m22). In the case of low elec-
tron sheet concentration (nS51014m22) the insertion of the
barrier increases the electron mobility in the QW in the
terval of widths 16,L,31 nm. Note that in this interval the
increase of electron mobility was observed experimental6

CONCLUSIONS

It is shown that the polar optical phonon confinement
QW’s strongly affects the electron–phonon scatter
strength. The resonant increase of the intersubband elect
phonon scattering rate takes place when the energy of
interface phonons is equal to the subband energy separ
in the QW. At QW widths which correspond to the res
nance conditions the electron subband population and mo
ity change sharply.

The inversion of photoexcited electron subband popu
tion and electron mobility enhancement in the QW can
achieved at appropriate parameter values for which inters
band scattering is reduced.

The increase of electron–phonon scattering rate w
the enhancement of electron concentration in the QW ta
d

,
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place is responsible for the large decrease of electron mo
ity in the lower subbands. This decrease can be partly c
pensated for inserting a thin AlAs barrier into the GaAs QW

The insertion of a thin barrier into the QW deforms th
electron wave function differently in various subbands, a
the photovoltaic effect occurs when the intersubband e
tron photoexcitation takes place.
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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 efficiency~attainable in Japan! of 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 Physics.@S1063-7826~99!00709-7#
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1. INTRODUCTION

Substantial increase in conversion efficiency~efficiency
values over 30%! can be realized by multijunction~tandem!
solar cells due to their wide-band photoresponse in comp
son with single-junction cells. Tandem solar cells have b
studied since 1960~Ref. 1!. Although AlGaAs/GaAs tandem
cells, including tunnel junctions and metal connectors, w
developed in the early years, high-efficiency values close
20% were not obtained,2 because of difficulties in making
stable, high-performance tunnel junctions, and because o
defects associated with oxygen in AlGaAs.3 A double het-
erostructure~DH structure! tunnel junction was found to be
useful for preventing diffusion from the tunnel junction an
improving the tunnel junction performance.4 InGaP as a ma-
terial for the top cell was proposed by NREL.5 As a result of
performance improvements in the tunnel junction and the
cell, over 30% efficiency has been obtained with InGa
GaAs tandem cells.6 InGaP/GaAs two-junction solar cell
have recently drawn increased attention for space app
tions, because of the possibility of high conversion efficien
~over 30%!. In fact, the first commercial satellite~HS
601HP! with a two-junction GaInP/GaAs on Ge solar arra
was launched in August 1997~Ref. 7!.

In this paper we review the present status and fut
prospects of superhigh-efficiency tandem solar cells and
cuss the key issues for realizing superhigh efficiency.

2. KEY ISSUES FOR REALIZING HIGH-EFFICIENCY TANDEM
CELLS

Key issues for realizing high-efficiency tandem cells a
discussed on the basis of our results.

Selection of top cell materials is also important for hig
efficiency tandem cells. As a top cell material lattic
matched to GaAs or Ge substrates, InGaP has some ad
tages such as lower interface recombination rate, m
oxygen problem, and good window layer material compa
to AlGaAs, as shown in Table I.

The top cell characteristics depend on the minority c
rier lifetime in the top cell layers. Figure 1 shows changes
photoluminescence intensity (I PL) of the solar cell active
layer as a function of minority carrier lifetime~t! of the
9611063-7826/99/33(9)/4/$15.00
ri-
n

e
to

he

p
/

a-
y

e
s-

an-
or
d

-
n

p-InGaP base layer grown by MOCVD and surface reco
bination rate~S!. The lowest surface recombination rate w
obtained by introducing an AlInP window layer and th
highest minority carrier lifetime was obtained by introducin
a buffer layer and optimizing the growth temperature. T
best conversion efficiency of the InGaP single-junction c
was 18.5%. Another important goal for realizing hig
efficiency monolithic-cascade-type tandem cells is achie
ment by establishing optically and electrically low-loss inte
connection of two or more cells. A degenerately dop
tunnel junction is attractive because it only involves one
tra step in the growth process. To minimize optical abso
tion, formation of thin and wide-bandgap tunnel junctions
necessary, as shown in Fig. 2. However, the formation o
wide-bandgap tunnel junction is very difficult, because t
tunnel peak current density (Jt) decreases exponentially wit
increasing bandgap energy (Eg).

In addition, impurity diffusion from a highly doped tun
nel junction during overgrowth of the top cell increases t
resistivity of the tunnel junction. A DH structure was foun
to be useful for preventing diffusion.4 More recently, an
InGaP tunnel junction has been tried for the first time for
InGaP/GaAs tandem cell.6 As p-type andn-type dopants, Zn
and Si, respectively, were used. Peak tunneling current of
InGaP tunnel junction is found to increase from 5 to 3
mA/cm2 by making the DH structure with the AlInP barrier
Furthermore, higher tunneling current up to 2 A/cm2 has
been obtained by increasing the doping density in the ju
tion. Therefore, the InGaP tunnel junction was found to
very effective for high tunneling current, and DH structu

TABLE I. Comparison of top cell materials~InGaP and AlGaAs!.

Items InGaP AlGaAs

Interface recombination rate ,53103 cm/s 104– 105 cm/s
Oxygen-related defects Minor problem Major problem
Window layer AlInP AlGaAs
(Eg) ~2.5 eV! ~2.1 eV!
Other problems High doping Lower efficiency

in p-AlInP ~2.6% down!
© 1999 American Institute of Physics
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was also found to be useful for preventing diffusion, as w
indicated elsewhere.4

The impurity diffusion from a highly doped tunnel junc
tion also degrades the top cell performance. The depend
of the tandem cell characteristics on the tunnel junct
structure, such as InGaP/GaAs, AlInP/GaAs, and AlIn
InGaP DH structures, has been compared by using spe
responses of the tandem cells, as shown in Fig. 3. The u
barrier layer of the tunnel junction also takes the part of
back surface field~BSF! of the top cell. A large reduction in
quantum efficiency at wavelengths betweenl5500 and 650
nm due to the diffusion of Zn during epitaxial growth h
been observed in a InGaP/GaAs tunnel junction. On
other hand, an increase in the quantum efficiency of the
tom GaAs cell due to the elimination of absorption losses
the GaAs tunnel junction has been confirmed in the cell w
an InGaP tunnel junction. In the case of AlInP/InGaAs D
structures tunnel junction, the AlInP upper barrier layer
the tunnel junction was found not only to suppress the
diffusion, but also to produce the effective BSF due to
band discontinuity with InGaP.

FIG. 1. Changes in photoluminescence intensity (I PL) of the solar cell active
layer as a function of the minority carrier lifetime~t! of the p-InGaP base
layer and surface recombination rate~S!. Values of the growth temperatur
and the surface recombination rate are shown.

FIG. 2. Calculated tunnel peak current density (Jt) and short-circuit current
density of GaAs bottom cell (Jsc) as a function of bandgap energy (Eg) of
the tunnel junction.
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DH structure effect on suppression of impurity diffusio
from the tunnel junction has been examined. Figure 4 sho
formation and migration enthalpy of group III-vacancies ve
sus bond-gap energy of the materials. Effective suppres
of Zn diffusion from tunnel junction by the InGaP tunn
junction with the AlInP DH structures is thought to be attri
utable to the lower diffusion coefficient for Zn in the wide
bandgap energy materials such as the AlInP barrier layer
InGaP tunnel junction layer.

3. SUPERHIGH-EFFICIENCY TANDEM CELLS

Figure 5 shows a schematic cross section of the hi
efficiency InGaP/GaAs two-junction cell. The InGaP/GaA
cell layers were grown on a GaAs substrate by the MOC
method. The top and bottom cells were connected b
InGaP tunnel junction. Figure 6 shows the light curren
voltage (I –V) characteristic of the high-efficiency InGaP

FIG. 3. Spectral response of the InGaP/GaAs tandem cells which depen
their tunnel junction structures:1—AlInP/InGaP, 2—AlInP/GaAs,
3—InGaP/GaAs. All the tunnel junctions have DH structure.

FIG. 4. Changes in formation and migration energies of III-group elem
vacancies as a function of band-gap energy of the III–V compou
materials.
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GaAs tandem cell. The high efficiency was realized
introducing DH structures in the InGaP top cell, InGaP tu
nel junction, and GaAs bottom cell.

More recently, monolithically grown 333-cm2 InGaP/
GaAs two-junction solar cells with 1-sun AM 1.5 efficienc
of 30.6% have been successfully fabricated by improv
InGaP top cell and GaAs bottom cell properties as a resu
improvement of the epitaxial growth and introduction of t
C-doped AlGaAs/Si-doped InGaP heterostructure tun
junction with AlInP barrier by Japan Energy Co. This val
is the highest ever reported for the two-junction cells un
1-sun illumination. The mechanically stacked three-junct
cells of monolithically grown InGaP/GaAs two-junctio
cells and InGaAs bottom cells have reached highest e

FIG. 5. A schematic cross section of the high-efficiency InGaP/GaAs t
junction cell.
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ciency of 33.3%~Ref. 8! at 1-sun AM 1.5 in the joint work
by Japan Energy Co. and Sumitomo Electric Co.

Table II summarizes the research activities of III–
compound solar cells in Japan.

4. FUTURE PROSPECTS FOR OBTAINING 40% EFFICIENCY

Some effort has been made to put this type of cells i
commercial production for space applications based on
multijunction solar cell manufacturing technology program9

In fact, the first commercial satellite with two-junctio

-

FIG. 6. Light current–voltage and power–voltage curves of the hi
efficiency InGaP/GaAs tandem cell measured at the Japan Quality As
ance Organization: cell area 4 cm2, AM 1.5, 100 mW/cm2, 25.3 °C, short-
circuit currentI sc556.88 mA, open-circuit voltageVoc52.488 V, fill-factor
FF585.6%, efficiency 30.3%.
6

96

7

6

97

98
TABLE II. Summary of research activities on the III–V compound solar cells in Japan.

Solar cells Area, cm2 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 199

GaAs on Si 1 AM 1.5 20.0 NTT 1989
InGaP/GaAs 2-junction 4 AM 1.5 30.3 Japan Energy 19

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 198

1 AM 1.5 28.8 Hitachi Cable 1996
GaAs/InGaAs 1 AM 1.5 28.8 Sumitomo Electric 199
Mechanically stacked
AlGaAs/Si 2-junction 0.25 AM 0 21.2* Nagoya Inst. Tech. 1996
InGaP/GaAs/InGaAs 1 AM 1.5 33.3 Japan Energy 19
MS 3-junction Sumitomo Electric

Concentrator InGaP/GaAs 2-junction 1 AM 1.5 31.2 Toyota Tech. Inst. 19
tandem ~35.1! Japan Energy

*Active-area efficiency.
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GaInP/GaAs on Ge solar arrays was launched in Aug
1997 ~Ref. 7!. Therefore, tandem solar cells will be wide
used in space.

In order to apply superhigh-efficiency cells widely, it
necessary to improve their conversion efficiency and red
their cost. Figure 7 shows theoretical and realistically
pected conversion efficiencies of single-junction and mu
junction solar cells in comparison with experimentally re
ized efficiencies. Therefore, concentrator three-junction
four-junction solar cells have great potential for realizing s
perhigh efficiency over 40%. As a three-junction combin
tion, GaInP/GaAs/Ge cell on Ge substrate will be wide
used because this system has been already developed
four-junction combination of the AlGaInP (Eg52.0 eV) top
cell, the GaAs second-layer cell, the third-layer cell made
a material with 1.05-eV bandgap, for example, GaInAsP
GaInAsN, and the Ge bottom cell is lattice-matched to
substrates and has theoretical 1-sun AM 0 efficiency of ab
42%. This system also has a potential of over 45% un
500-suns AM 1.5 condition. Although this system is ideal
maximum theoretical efficiency, the selection of third-lay
cell materials and improvement in the material quality a
problems to overcome.

The use of three-junction cells on Si or metal substra
is a way of realizing low cost. One of future targets must
also three-junction cells on metal substrates. Concentr
thin-film multijunction solar cells fabricated on inexpensi
substrates such as Si and polycrystalline materials have g

FIG. 7. Theoretical and realistically expected conversion efficiencies
single-junction and multijunction solar cells in comparison with experim
tally realized efficiencies.C indicates concentration.
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potential for realizing high-efficiency~with efficiency more
than 35%! and low-cost cells if the dislocation density can
reduced to less than 53105 cm22 and if the grain size can be
increased to more than 0.1 cm~Ref. 10!.

5. SUMMARY

The present status of superhigh-efficiency tandem s
cells was reviewed. InGaP/GaAs tandem solar cells w
newly recorded efficiency of 30.6% at AM 1.5~1-sun! were
obtained by improvements in InGaP top cells and AlGaA
InGaP DH structure tunnel junctions with AlInP barrier
The mechanical stacked three-junction cells of monolit
cally grown InGaP/GaAs two-junction cells and InGaA
cells reached the highest efficiency~achievable in Japan! of
33.3% at 1-sun AM 1.5.

Key technologies and basic physics for realizi
superhigh-efficiency and low-cost multijunction solar ce
were also discussed.
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The characteristics of III–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 on~0001! sapphire substrates as
well as the selective-area and subsequent lateral epitaxial overgrowth on masked substrate surfaces.
© 1999 American Institute of Physics.@S1063-7826~99!00809-1#
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1. INTRODUCTION TO SEMICONDUCTING NITRIDES

The growth of high-quality III–V nitride semiconducto
epitaxial films is a recent development dating from ab
1989 with the work of Akasakiet al.1 Because of its large
direct bandgap extending from ultraviolet~UV! ~6 eV!
through the entire visible spectrum to red~2 eV!, the indium
aluminum gallium nitride~InAlGaN! system has great poten
tial for many different optoelectronic and electronic devic
Already, extensive work has been carried out on visible li
emitting diodes~LED’s!,2,3 injection laser diodes~LD’s!,4–9

UV photodetectors,10,11 and field-effect transistors.12

Compound semiconductors in the nitride material syst
can be grown in both the cubic~zinc blende! and hexagona
~wurtzite! crystalline forms, although the wurtzite form is th
preferred metastable state of InAlGaN alloys. The source
many of the problems associated with the growth of hig
quality nitride films is the lack of a lattice-matched substra
While commercially viable substrates such as cubic Si
GaAs have been used with limited success, the substrat
choice have been hexagonalc-plane~0001! sapphire (Al2O3)
and the hexagonal form of silicon carbide (6H-SiC). Re-
cently, alternative approaches to heteroepitaxial growth
ing selective-area growth have been developed for h
quality nitride films. We will review recent progress in th
field.

2. MOCVD GROWTH OF III–N FILMS

The largest advance in the research on nitride semic
ductors was the development of the buffer layer growth p
to deposition of the single crystal GaN. Yoshidaet al., using
molecular-beam epitaxy~MBE!, first discovered this ‘‘two-
step’’ growth process.13 Akasaki et al., employed this idea
using metalorganic chemical vapor deposition~MOCVD!
and extensively studied the effect of a thin~50–100 nm!
low-temperature ~600 °C! intermediate AlN layer when
growing GaN on sapphire.1 This group showed from X-ray
diffraction studies that the mosaicity, and therefore the de
structure related to the degree of mosaicity, of the GaN e
9651063-7826/99/33(9)/5/$15.00
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taxial layers was reduced by using the AlN buffer layer a
proposed a model in which the initial deposition results
small AlN crystallites that combine to form an amorpho
layer. As GaN is deposited on this amorphous buffer lay
three-dimensional islands begin to form, but eventually c
lesce to form a smooth, continuous layer. The coalescenc
enhanced by a reduction of the interfacial free energy
tween GaN and AlN. The highly defective buffer laye
tended to ‘‘absorb’’ a large fraction of the strain and reduc
the number of dislocations extending to the surface of
epitaxial layer grown on top of it. Deposition without th
buffer layer results in large three dimensional islands wh
eventually join and form heavily boundary regions throug
out the layer.

Nakamura adapted this process to a two-step gro
technique that does not require the use of AlN. Usi
atmospheric-pressure MOCVD, he was able to obtain
same beneficial effects of an AlN buffer layer by using Ga
low-temperature layer. In fact, with 20-nm GaN buffer laye
he achieved higher electron mobilities, lower backgrou
electron concentrations, and lower x-ray FWHM values th
for GaN grown on an AlN buffer layer.1

All of the materials discussed in this work were grown
the University of Texas at Austin by metalorganic chemic
vapor deposition in the EMCORE D125 vertical geomet
rotating disk MOCVD reactor. The system is capable of u
ing six hydride sources for group V and dopant precurs
and ten metalorganic sources for group-III and dopant p
cursors. The hydrides are ammonia for the group-V nitrog
source and the mixture of 50 ppm silane (SiH4) in hydrogen
(H2) for the silicon dopant source. The group-III metalorga
ics used are trimethylgallium~TMGa!, triethylgallium
~TEGa!, trimethylaluminum ~TMAl !, and trimethylindium
~TMIn!. The dopant source is bis~cyclopentadienyl!magne-
sium (Cp2Mg).

2.1. Si-doped and Mg-doped GaN

To date, the best doping success in GaN has b
achieved with silicon~n-type! and magnesium~p-type! dop-
© 1999 American Institute of Physics
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966 Semiconductors 33 (9), September 1999 Dupuis et al.
ant atoms. We have achievedn-type silicon doping with
electron carrier concentrations ranging fromn5531017 to
131019cm23 and maximum electron mobility;300 cm2/
~V•s! for n5231018cm23. Figure 1 shows the relationshi
between the electron carrier concentration and resistivity
determined by room-temperature Hall effect measureme
and the SiH4 molar flow. The carrier concentration is ver
linear with dopant molar flow, indicative of constant dopa
atom activation even at higher flows. The resistivity, ho
ever, obeys the nonlinear relationship at higher flows du
decrease in the electron mobility. The mobility decrease w
higher carrier concentration is an expected effect due to
higher degree of impurity scattering.

P-type doping with magnesium has also been dem
strated; however, the 300-K free-hole carrier concentrati
for GaN:Mg films range fromp.731015 to 231018cm23

with maximum hole mobility of 13 cm2/~V•s!. These
samples were obtained by optimizing the Cp2Mg molar flow
and thermally activating Mg atoms with a post growthin situ
~growth chamber! or ex situ ~rapid thermal annealing fur
nace! N2 ambient activation anneal at 700–1000 °C f
10–30 min. Figure 2 shows the 300-K Hall effect results
the hole carrier concentration and resistivity versus Cp2Mg
molar flow.

FIG. 1. Room-temperature Hall-effect data for Si-doped GaN films show
the relationship between electron carrier concentration and film resist
versus the input SiH4 mixture bulk flow.

FIG. 2. Room-temperature Hall effect data for Mg-doped GaN films sh
ing the relationship between electron carrier concentration and film resi
ity versus the input Cp2Mg molar flow.
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2.2. Growth of multiple quantum-well heterostructures

After achieving the growth ofn-type andp-type materi-
als, we studied the growth of the AlGaN and InGaN epitax
layers and heterojunctions required for high-efficien
LED’s and injection lasers. These structures were desig
to become the light-confining and light-emitting compone
of the device structure. An important issue we investiga
was the structure of the multiple quantum well~MQW! ac-
tive region. Multiple quantum wells are chosen over a sin
quantum well to increase the luminescence intensity of
structures. Obviously, increase of the number of emitt
layers will increase the total number of electron-hole pa
and, therefore, the number of emitted photons. The trad
in the nitride material system involves the excess strain
duced by heteroepitaxial growth. The higher In content
InGaN and the thicker the overall active region, the mo
strain exists. Finally, if the critical layer thickness is a
proached, relaxation of the layers occurs and defect gen
tion is enhanced. All of the MQW regions reported here ha
the total thickness, which should be much below the criti
layer thickness of InGaN alloys. The effect of varying th
number of periods in the MQW structure consisting of 35
In0.13Ga0.87N quantum wells and 70-Å In0.03Ga0.97N barrier
was investigated. We determined that the optimum struc
was a 5-period MQW for this well/barrier combination.

With this MQW optimized in terms of the Si dopin
level and the number of periods, AlGaN cladding layers w
added to the photoluminescence~PL! structure to examine
the effect of increased overall strain in the samples. Las
diode structures require some type of AlGaN cladding lay
for effective carrier and optical confinement, because of
band offsets and refractive index steps between GaN, InG
and AlGaN. However, adding AlGaN thick layers with lo
Al content will increase the amount of heteroepitaxial stra
on the structure. The 300-K PL data in Fig. 3 show the eff
of adding a 150-nm Si-doped Al0.10Ga0.90N lower cladding
~below the MQW active region! and a 20-nm Al0.10Ga0.90N
cap to the optimized MQW PL structure. The upper cla

FIG. 3. Room-temperature PL spectra for MQW structures grown at 830
consisting of 35 Å In0.13Ga0.87N quantum wells and 70 Å In0.03Ga0.97N bar-
riers, doped with 20 sccm SiH4, and~a! without or ~b! with upper and lower
Al0.10Ga0.90N: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 sho
that there is absolutely no strain-induced degradation cau
by the added AlGaN. The MQW luminescence peak int
sity, and FWHM are nearly identical for both samples.

X-ray diffraction is used primarily on these samples
verify the period thickness of the MQW region and to co
firm InGaN and AlGaN alloy compositions. By measurin
the spacing of the superlattice satellite peaks, an accu
measurement of the period thickness can be made. Show
Fig. 4 is the~00.6! reflectionv-2u curve for two different
MQW active regions. From this data and the formula
X-ray diffraction from a period structure, the period thic
ness measured from the spacing between the zeroth-o
and first-order satellite peaks for samplea was 101 Å and for
sampleb was 106 Å. The intended period thickness was 1
Å for both samples, so the agreement is quite good and v
reproducible from sample to sample. This shows that gro
rates obtained from the growth and scanning electron
croscopy characterization of thick~;100 nm! InGaN layers
are very accurate down to the short growth times required
well and barrier thicknesses. Also notice that the zero
order peak for curveb is slightly further separated from th
GaN peak than for curvea. This peak corresponds to th
average indium content of the MQW. The average indi
content ofb is larger because the indium content of the w
and barrier is slightly higher~15 and 5% compared to 13 an
3%! and the fraction of the well thickness to the over
thickness is higher~43/105 compared to 30/105!. So, again,
the X-ray diffraction data are in good agreement with t
structure that we intended to grow.

The material quality of the MQW active region has be
qualified by performing 300-K high-intensity photopumpin
experiments. Photopumping provides the high power de
ties needed for population inversion in the active reg
without the need for electrical injection through doped la
ers. Therefore, a qualitative analysis of the active regio
potential for achieving stimulated emission is possible wi
out having to worry about internal heating in the structu
due to resistive current paths or about defect induced de
dation due to complicated epitaxial layer structures. Figur

FIG. 4. X-rayv-2u ~00.6! curves for MQW active regions consisting of~a!
35 Å In0.13Ga0.87N quantum wells, 70 Å In0.03Ga0.97N barriers and~b! 42 Å
In0.15Ga0.85N quantum wells, 63 Å In0.05Ga0.95N barriers.
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shows the results of the photopumping experiment on
MQW PL structure which corresponds to an optimiz
MQW active region. This experiment was performed with
pulsed~frequencyf ,100 Hz) nitrogen laser capable of pro
viding several MW/cm2 peak power density. Attenuator
were placed in the beam to reduce the optical energy incid
on the sample. The recorded luminescence emitted from
surface of the sample~perpendicular to the growth plane!
clearly shows significant narrowing to the linewidth at t
characteristic wavelengthl5400 nm, which is a good indi-
cation of stimulated emission. Also, Fabry–Perot cav
modes, whose spacing corresponds roughly to the ver
thickness of the entire epitaxial structure~;1.5 mm! are evi-
dent. The air/semiconductor interface and the semiconduc
substrate interface create the vertical cavity. We also c
clude from the change in slope of the sample output po
versus, relative pump input power data that this materia
operating under stimulated emission conditions.

2.3. Selective-area and lateral epitaxial overgrowth

Joyce and Baldrey first demonstrated selective-area
taxy ~SAE! of semiconductors in 1962. They demonstrat
SAE of Si using SiO2 masks and SiCl4 as a precursor.14 An
extension of this work, SAE and subsequent lateral epita
overgrowth ~LEO! of a semiconductor film over the mas
has also been reported for a variety of materials.15 Recently,
Davis et al.16–18 have reported using MOCVD for the
selective-area lateral epitaxial overgrowth~SALEO! of GaN
on 6H-SiC substrates and have reported that the portion
the GaN film grown over the oxide mask has a reduced d
sity of threading dislocations. More recently, Nakamu
et al.19 have reported employing the SALEO process to gr
complete AlGaN/InGaN/GaN injection laser device stru
tures having a greatly improved reliability performance d
to the reduction of the density of threading dislocations
the active region, which is located in the SAE portion of t
layer grown directly over the mask openings. The dislocat
structure of these LEO materials is of great interest and
reported to be lower by over two orders of magnitude th

FIG. 5. Stimulated emission spectrum for photopumped~pulsed N2 layer!
MQW structure consisting of five periods of 42 Å In0.15Ga0.85N quantum
well and 63 Å In0.05Ga0.95N barrier.
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the materials grown directly on sapphire substrates.20 While
these demonstrations of high-quality III–N materials ha
resulted in an increased interest in the SALEO process,
many reports of the dependence of the details of the G
SALEO upon growth conditions have been published.

The SALEO films in this study are grown at a pressu
;100 Torr and at temperatures in the range 1030<Tg

<1100 °C. The GaN heteroepitaxial ‘‘substrates’’ are p
pared by growing;2 mm of GaN on ~0001! sapphire by
MOCVD at Tg.1050 °C. Next, an;100-nm-thick SiO2

mask is deposited by plasma-enhanced chemical vapor d
sition ~PECVD! using SiH4 and N2O precursors. Conven
tional optical lithography and wet chemical etching are us
to produce various stripe patterns in the SiO2 mask layer.

We have achieved smooth vertical sidewalls and rec
gular cross section GaN SALEO mesas for mask stripes

ented along thê11̄00& direction, while triangular cross sec

tion mesas are obtained for stripes parallel to the^112̄0&
direction. The mesas with a rectangular cross section h

surfaces bounded by a~0001! top facet and$112̄0% side fac-

ets, while$11̄01% side facets bound the triangular cross s
tion stripes. We have observed that flat surfaces can be
tained for homoepitaxial films grown with mask strip

oriented along thê 11̄00& and that the lateral-to-vertica
growth ratio~LTVGR! is as large as;2.0 for this orienta-

tion. For stripes oriented alonĝ112̄0&, the growth in the

lateral direction is limited by the slow-growing$11̄01% fac-
ets, leading to the narrow triangular cross section typica
growth bounded by slow-growing planes. Using atom-fo
microscopy, we have measured a RMS roughness as lo
;0.1 nm on the top of the flat mesas for stripes paralle

^11̄00&. For comparison, the GaN film grown in the larg
area ‘‘open’’ region of the mask at the wagon-wheel hub a
has an RMS roughness of;0.1 nm. The facet sidewalls ar
found to be more vertical and the mesas are smoother
higher GaN growth temperatures;1100 °C.

The high-resolution scanning cathodoluminescence~CL!
images~300 K! for undoped and Si-doped GaN SALEO m
sas indicate that the intensity of the near-bandedge emis
is more uniform and about a factor of 2 or 3 times higher
the GaN:Si LEO region grown over the SiO2 mask compared
to the GaN homoepitaxial SAE region grown between
mask stripes. The CL linewidths and peak wavelengths
essentially the same for all areas of the wafer. Also,
yellow-band emission is reduced relative to the bande
emission for the LEO region. This may indicate that a high
density of nonradiative traps exists in the SAE region co
pared to the LEO material.21 Initial plan-view and cross-
section transmission electron microscope characterizatio
these materials supports this interpretation and has sh
that there are;53108 cm22 threading dislocations in the
SAE portion of the film; however, no threading dislocatio
are observed in the LEO portion of the film.22 The CL emis-
sion spectra for the InGaN film grown on the GaN SALE
film are shown in Fig. 6. The peak intensity is brighter fro
the region corresponding to growth over the mask while
wavelength and FWHM are somewhat reduced for the S
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compared to the LEO regions. These results show prom
for the application of SALEO to improved nitride devices

3. SUMMARY AND CONCLUSIONS

We have shown that MOCVD process can produce hi
quality AlGaN/InGaN/GaN heterostructure films and w
have optimized the properties of the MQW structures. Th
structures have operated as pulsed lasers at 300 K. In a
tion, we have employed the SALEO process to produce G
films on sapphire substrates with no apparent threading
locations. The SALEO process can be repeated two or m
times to produce a high-quality epitaxial film which is free
threading dislocations from the GaN underlying heteroe
taxial film.
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Situation in high-electron-mobility transistor~HEMT! technology is discussed. The
N-AlGaAs/InGaAs/GaAs pseudomorphic HEMT’s are now considered as most advanced for mm-
wave monolithic circuits, but metamorphicN-InxAl12xAs/InyGa12yAs/InxAl12xAs 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-0.25-mm pseudomorphic HEMT’s, metamorphic
HEMT’s and their characteristics are also described. ©1999 American Institute of
Physics.@S1063-7826~99!00909-6#
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High-electron-mobility transistor~HEMT! technology is
widely used for high-frequency application due to the e
hanced electron mobility (m2D) and velocity (vst) at high
electron density (n2D) in a device channel. This provide
high values of the device currentI D , transconductancegm

5dID /dVG , cutoff frequencyf t5vst/2pLg , output gainG,
and the low value of noise. Main tendencies of evolution
this technology correspond to investigation of heterostr
tures with higher values of the conduction band offsetDEc

and, respectively,n2D , with higher values of the energ
separationDEGL betweenG andL valleys, with lower elec-
tron effective massme and, respectively, with higher value
of m2D andvst, combined with the reduction of the HEMT
gate lengthLg .

Since 1980 HEMT technology has passed the follow
stages:
—lattice matched~LM ! N-AlGaAs/InGaAs/GaAs HEMT’s
with DEc.250 meV and maximum electron densityn2D

max

,131012cm22;
—pseudomorphic~PM! N-Al xGa12xAs/InyGa12yAs/GaAs
HEMT’s,1 which provide higherDEc (DEc.300 meV) and
n2D.231012cm22; however, the effect of strain relaxatio
restricts the maximum values of In contenty and thickness
dch of InyGa12yAs channel layer by critical values, and, a
cordingly, restricts the values ofn2D , m2D , andvst;
—the highest frequency is realized in InP-bas
LM-In0.52Al0.48As/In0.53Ga0.47As HEMT’s ~Ref. 2!: DEc

.500 meV, n2D.3.531012cm22, and m2D.10 000 cm2/
~V•s! at 300 K; there are some disadvantages associated
a rather low value of the Schottky barrier height f
In0.52Al0.48As and with impact ionization in In0.53Ga0.47As
channel due to rather small energy band gap,Eg

.750 meV;
—recent advantages of HEMT technology are associa
with the metamorphic~MM ! N-InxAl12xAs/InyGa12yAs/
InxAl12xAs HEMT-structures with desirable In contentsy
and x, ranging from 0 to 0.60, grown on the lattice
mismatched GaAs substrate;3 they provideDEc.600 meV,
9701063-7826/99/33(9)/2/$15.00
-

f
-

g
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d

n2D.431012cm22, andm2D.10 000 cm2/~V•s! at 300 K.
In this paper we investigate the high-density 2DEG

N-AlGaAs/InGaAs/GaAs and N-InAlAs/InGaAs/InAlAs
MM-structures and HEMT’s based on them, because
former is now the most advanced industrial technology
millimeter-wave monolithic circuits and the latest is ve
promising for the future high-frequency electronics.

MOLECULAR BEAM EPITAXY OF HEMT-STRUCTURES

HEMT-structures studied here were grown by molecu
beam epitaxy~MBE! on ~001! GaAs substrates. PM-HEMT
structure consists of an 0.3-mm GaAs buffer layer, an un-
doped InGaAs channel layer (dch,25 nm), an undoped Al-
GaAs spacer layer~thicknessds,10 nm), ad ~Si!-doped
layer, undoped 20-nm AlGaAs Schottky layer and a
dopedn1-GaAs (331018cm23) cap layer. The quality of
the AlGaAs/InGaAs interface and maximum valuesm2D

max and
n2D

max for 2DEG are essentially limited by the surface seg
gation of In atoms during MBE growth. Removing the
atoms by means of the growth interruption and subsequ
surface heating can achievem2D as high as 53 000 cm2/~V•s!
at 77 K.

Typical MM-HEMT-structure consists of an undope
0.3-mm GaAs buffer layer, an undoped 1.3-mm AlInGaAs
relaxed buffer layer~RBL! with changeable composition
from GaAs to InxAl12xAs, an undoped 0.3-mm InxAl12xAs
layer, a short-period superlattice, an undoped InyGa12yAs
channel layer, an undoped InxAl12xAs spacer layer (ds

,10 nm), a d ~Si!-doped layer, an undoped 20-nm
InxAl12xAs Schottky layer, and a 40-nmn1-InyGa12yAs
(53108 cm23) cap layer. RBL is of main importance in
MM-HEMT’s. It is inserted between the substrate and t
active layers to accommodate large lattice mismatch by
mation of dislocations, to trap them, and to prevent th
propagation in HEMT-structure. Samples with different RB
composition and depth profile have been grown. The high
electron mobility was achieved in the samples with the R
depth profile corresponding to the nearly constant value
© 1999 American Institute of Physics



h

le

c
di

e
a

tia
er

lity
t
sc

uc
o
c

th
e
w
ig

a
tio

o

d
a

iv

-

ted
G

t the
er
he

hy
O
the
very

to

ent
-
of
ci-

een
s

se

e
ent

EE

ro-

971Semiconductors 33 (9), September 1999 Mokerov et al.
the gradient of the lattice mismatch. They havem2D

532 000 cm2/~V•s! and n2D52.231012cm22 at T577 K, a
good surface morphology~associated with the cross-matc
pattern! and a large photoluminescence~PL! signal.

TRANSPORT PROPERTIES AND PHOTOLUMINESCENCE
SPECTRA OF HEMT STRUCTURES

In order to understand, how the variations of InAs mo
fractiony and thickness of the channel layerdch influence the
characteristics of 2DEG inN-Al xGa12xAs/InyGa12yAs/
GaAs heterostructures, including the influence of the ba
side heterobarrier, and also to determine how 2DEG is re
tributed as a result of varying the thicknessdch, the Hall
measurements ofm2D and n2D and the photoluminescenc
studies of PM-HEMT-structures have been performed. It w
shown thatm2D is virtually independent ofdch in the range
19–3 nm. According to the PL studies, the regular spa
redistribution of 2DEG between InGaAs and GaAs lay
occurs whendch is reduced. Atdch.10 nm 2DEG is mainly
located in InGaAs. However, atdch,7 – 8 nm more electrons
transfer from InGaAs to GaAs, and atdch,3.5– 4 nm nearly
all the electrons transfer to GaAs. Becausem2D is approxi-
mately as high in GaAs as in InGaAs, the electron mobi
may be independent ofdch, as observed experimentally. A
the same time, these results demonstrate that electron
tering associated with the backside heterobarrier~its effect
should increase with decreasingdch) has no visible impact
on m2D . This finding is in contrast withm2D(dch) depen-
dence for AlGaAs/GaAs/AlGaAs system, where the red
tion of dch below 30 nm results in a strong degradation
m2D due to the enhanced influence of the backside interfa
To determine the role of the backside heterobarrier in
electron scattering, PM-HEMT-structures with AlGaAs lay
as a backside heterobarrier also have been studied. It
found that replacement of GaAs by AlGaAs leads to a s
nificant reduction ofm2D ~about four times! andn2D , and to
even stronger reduction with decreasingdch. The cause of
this behavior, along with the higher interface electron sc
tering, can be attributed to progressively higher penetra
of electron wave functions into AlGaAs barrier~due to
quantum-mechanical tunneling!. The electrons will therefore
spend progressively more time in AlGaAs, where their m
bility is extremely low.

PL spectra of MM-InxAl12xAs/InyGa12yAs/InGaAs het-
erostructures withx,y50.32 and 0.52 also have been stu
ied. At dch.40 nm these spectra correspond to the bulk m
terial and the two PL lines correspond to respect
band gapsEg . The band-gap discontinuitiesDEg at the in-
terfaces are 0.70 and 0.72 eV forx, yof 32 and 52%, respec
k-
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tively. For dch,30 nm the InGaAs ‘‘bulk,’’ PL line in each
sample is split up into two components, which are associa
with the optical transitions between the two lowest 2DE
subbands and the hole subband. It should be noted tha
PL lines in MM-HEMT-structures are weaker and broad
than those in PM-HEMT-structures, evidently due to t
higher dislocation density.

SUBQUARTER-MICROMETER PM-HEMT’s AND MM-HEMT’s

The realization of HEMT’s with the gate lengthLg

,0.25mm was performed by using the electron lithograp
in combination with a special mask consisting of a Si2

layer, a metallic layer, and an electron resist layer. After
exposure and the development of the electron resist, the
narrow opening was formed in the metallic layer by Ar1-ion
beam etching. Such a metallic mask makes it possible
realize Lg,0.2mm and to avoid the problem of the low
stability of the electron resist to the plasma etching.

In PM-HEMT the typical extrinsic transconductancegm
ex

was in the range 300–550 mS/mm, and the drain curr
density I D was in the range 300–500 mA/mm. In MM
HEMT’s the best results were obtained for In content
0.32. Their main advantages over PM-HEMT’s are asso
ated with the higher values ofgm

ex and I D : gm
ex was in the

range from 500 to 800 mS/mm, andI D was in the range from
500 to 900 mA/mm, which are explained by largern2D and
vst in MM-HEMT’s. In the case of PM-HEMT’s rf charac-
teristics in the frequency rangef 512– 37 GHz have also
been studied. The presence of the strong correlation betw
the output gainG andgm

ex was confirmed at 12 GHz. It wa
shown that the dependence ofG on the gate widthWg at 37
GHz has a maximum atWg5120mm, but for 12 GHzG
increases withWg to 150 mm without any maximum. The
increase ofG in the range 40–100mm at f 537 GHz, and to
150mm at f 512 GHz are explained in terms of the increa
of the absolute transconductance. The reduction ofG at Wg

.120mm at f 537 GHz is a result of a mismatch of th
PM-HEMT parameters with the input of the measurem
waveguide line in the mm-wave range. Atf 512 GHz such a
mismatch is expected atWg.150mm.

*E-mail: mok@mail.cplire.ru
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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 1.3mm at 77 K and 1.6mm at 300 K. © 1999
American Institute of Physics.@S1063-7826~99!01009-1#
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INTRODUCTION

Silicon is currently the main material for microelectro
ics, accounting for roughly 90% of the market for semico
ductor devices. Its properties, such as high thermal cond
tivity and mechanical durability, the presence of a sta
oxide on its surface, and the fact that it can be made
large diameter, dislocation-free substrates make this mat
irreplaceable for most applications.

In the meantime, silicon has not gained wide accepta
for use in optoelectronic devices~lasers, light emitting di-
odes, etc.!, because it has an indirect-gap band structure
because radiative recombination cannot occur without an
teraction with an additional particle~for example, a phonon!.
This situation is typical of all indirect-gap semiconducto
~AlAs, GaP, etc.!. It is known that among the III–V com
pounds, introducing thin quantum-well layers, quantum do
or quantum wires of a direct-gap semiconductor~GaAs,
InAs! into an indirect-gap host~AlAs! leads to a dramatic
increase in the efficiency of radiative recombination a
therefore makes it possible to fabricate lasers and lig
emitting diodes.

By analogy with the III–V compounds, we may assum
that introducing quantum dots of a narrow direct-gap se
conductor~for example, InAs! into a silicon host will also
make it possible to create efficient light-emitting device1

We have demonstrated experimentally the possibility,
principle, of producing InAs quantum dots on a silicon su
face in an earlier paper.2

In this paper we study the heteroepitaxial growth of In
on an Si~100! surface by reflection high-energy electron d
9721063-7826/99/33(9)/4/$15.00
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fraction ~RHEED!, scanning tunnelling microscopy~STM!,
and phototluminescence techniques.

1. EXPERIMENT

The growth experiments were done on an E´P 1203 mo-
lecular beam epitaxy~MBE! system using Si~100! substrates
which had undergone initial preparation by the method
scribed in Ref. 3. The samples were glued with indium o
a standard molybdenum holder. The flux of indium was ca
brated in advance from the oscillations in the RHEED mir
reflex and corresponded to 0.1 monolayer~ML ! per second
for InAs during growth of an InGaAs solid solution on GaA
with a molecular fraction of;15% of indium. The oxide
layer was removed from the silicon by heating the substr
in the growth chamber to a temperature in the range 82
870° for a 15-min exposure, after which a (231) surface
reconstruction typical of an Si~100! surface or a mixed do-
main structure of type (231) and (132) was observed.
Subsequently, the sample temperature was lowered and
was deposited by traditional MBE. After deposition of a ce
tain amount of InAs, the growth process was interrupted a
the sample was rapidly cooled to room temperature. The p
cesses of removing the oxide layer and growth were mo
tored in situ using systems for recording and processing
events RHEED.4 The morphology of the surface of th
samples was studiedex situusing STM in accordance with
the methods5,6 for studying quantum-well structures of InA
on GaAs surfaces. For extended STM measurements,
samples were placed in vacuum pump oil to protect the s
face from oxidation in the air. For the photoluminescen
excitation studies, a 50 to 100-nm-thick layer of Si w
© 1999 American Institute of Physics
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grown over the quantum-well InAs structures by tradition
MBE. Photoluminescence was excited using an Ar1 laser
with an output wavelength of 514.5 nm and the detector w
a Ge photodiode. The excitation power density was 0.2–
W/cm2.

2. EXPERIMENTAL RESULTS

The characteristic feature of InAs/Si~100! is a strong de-
pendence of the growth mechanism on the growth conditi
~substrate temperature, flux ratios, etc.!, which shows up in
the morphology of the surface. Thus, an observation of
RHEED dynamics shows that, for growth at a sufficien
high substrate temperature (Ts5470– 500 °C), the diffrac-
tion patterns retain a line structure right up to thicknesse
50 ML or more, while the surface reconstruction chang
from (231) to (331) or (131). Deposition of InAs at a
lower substrate temperature (Ts,450 °C) causes a transfo
mation of the RHEED line spectrum into a pattern typical
three-dimensional growth~point reflections! at thicknesses o
;0.725 ML ~depending on the ratio of the fluxes!. STM
studies of the surface shows that two types of morpholog
features form during growth at high temperatur
Ts.450 °C: a corrugated structure with a modulation de
of ;20 nm and clusters with sizes of;400 nm. Another
situation is observed when the temperature is lowered
Ts&450 °C. In this case, a spatially uniform array of islan
in the nanometer range develops.2

The difference in the surface morphologies that devel
at different sample temperatures can be explained, first of
by a change in the surface free energy of the system as
temperature rises and, therefore, by a transition from the
mation of coherent three-dimensional islands of nanom
size to mesoscopic three-dimensional clusters which ap
on the surface of the corrugated wetting surface and, sec
by different attachment coefficients for InAs on an Si~100!
surface at different temperatures.

Figure 1 shows the typical dynamic dependence of
zeroth order reflection in a RHEED pattern, taken with
angle of incidence of 1° and an angle of reflection of 1
under growth conditions such that a transition from a two-
a three-dimensional growth mechanism takes place. We

FIG. 1. Typical dynamic variation in the intensity of the RHEED reflecti
on going from two-dimensional to three-dimensional heteroepitaxial gro
of InAs/Si.
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sumed that this transition begins at the time denoted by
arrow on the left, i.e., at the beginning of the conversion
the line structure of the RHEED pattern into point refle
tions. By analogy with the InAs/GaAs heteroepitaxial sy
tem, we call this the critical thickness for formation of nan
structures on a surface (dcrit). The time the volume pattern
stabilizes is indicated by the arrow on the right. The char
teristic time for formation of an array of InAs islands~the
time interval between the arrows! is ;1 s ~for a growth rate
of 0.1 ML/s!. The formation of quantum dots in the InAs
GaAs system is characterized by roughly the same time.

Figure 2 shows data obtained by RHEED on the s
strate temperature dependence ofdcrit for Ts5350– 450° and
flux ratios @As4#/@ In#52212. The lower limit in this tem-
perature range was chosen for two reasons: first, becaus
the difficulty in determining an exact value ofTs at such low
values and, second, because the covering Si layer grow
low Ts is of low crystal quality, so it is impossible to obtai
device structures. This is confirmed by our data,7 according
to which no photoluminescence signal is observed in str
tures where InAs quantum dots have been overgrown b
layer of Si at substrate temperatures below 350 °C.

The data in Fig. 2 imply that transitions from two- t
three-dimensional growth in an InAs/Si system~under these
growth conditions! occur within 0.7–4.0 ML. This indicates
that, in these heteroepitaxial systems, both purely isl
~Volmer–Weber! growth and mixed~Stranski–Krastanov!
growth with formation of a wetting layer and a system
three- dimensional islands can take place. This phenome
will be studied in detail in a separate article.

As an example, Fig. 3 shows an STM image of part of
Si ~100! surface after deposition of 1.2 ML InAs with a flu
ratio @As4#/@ In#58 and a deposition temperature of 380 °
~Growth was halted at the time indicated by the rightm
arrow in Fig. 1.! It should be noted that, in this case, th
islands in the base are predominantly triangular in shape
contrast with the case of deposition at lower temperatu
~250 °C!, where the islands were rhomboidal with a substa
tially higher surface density.2

h

FIG. 2. Critical thickness for formation of nanostructures,dcr , as a function
of the substrate temperatureTs for flux ratios@As4#/@ In#52 ~1!, 5 ~2!, 8 ~3!,
and 12~4!.



ts
of
si

s

hift
up

f
as

ity
to-

t
x-

in-

for-
pho-
on

r-
or

o-
-

.

tion

974 Semiconductors 33 (9), September 1999 Cyrlin et al.
A study of the optical properties of InAs quantum do
set in a silicon matrix by growing a 50-nm-thick layer
silicon on top of grown nanosized islands following depo
tion of 7 ML InAs at a substrate temperatureTs5400 °C
with an arsenic pressure of 131028 Torr in the vessel
showed that the photoluminescence spectrum contain
broad line (;100 meV! near a wavelength ofl51.3mm for
an observation temperatureT577 K. Raising the observation

FIG. 4. Photoluminescence spectra of InAs/Si quantum dots atT ~K!: 1 —
10,2 — 70,3 — 110,4 — 150,5 — 190,6 — 230,7 — 290. The excitation
power density ifP5100 W/cm2.

FIG. 3. STM image of a surface after deposition of 1.2 ML InAs on Si~100!

at Ts5380 °C. The sides of the image are parallel to the@01̄1# and @011#
crystallographic directions.
-

a

temperature to room temperature leads to a monotonic s
in the photoluminescence line toward longer wavelengths
to l51.6mm atT5290 K ~Fig. 4!. This line was not seen in
the spectra of the Si~100! substrates or in the spectra o
samples in which the thickness of the deposited InAs w
less than critical. An increase in the excitation intens
causes a shift in the peak of the photoluminescence line
ward higher energies~Fig. 5!. The nature of this shift is no
entirely clear. A similar effect has been observed, for e
ample, in type-II quantum dots;8 it may be related to electri-
cal charge that has accumulated in the quantum dots.9

We have, therefore, demonstrated the possibility, in pr
ciple, of directly forming InAs quantum dots on Si~100! dur-
ing MBE.

The range of substrate temperatures appropriate for
mation of nanosized islands has been determined. The
toluminescence spectra of InAs quantum dots with a silic
layer grown over them include a 1.3-mm line at 77 K and a
1.6-mm line at 300 K.

We thank D. N. Demidov and N. P. Korneeva for pa
ticipating in the growth experiments and V. A. Shchukin f
useful discussions.
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A study is made AlGaAs/GaAs heterostructure solar cells that have been optimized for ultrahigh
concentrations of sunlight~1000–2500 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
AM1.5. 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. ©1999 American Institute of
Physics.@S1063-7826~99!01109-6#
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1. INTRODUCTION

Solar cells operating at ultrahigh concentrations of s
light ~more than 1000 suns! can have much smaller surfac
areas and greatly reduce the cost of electrical energy.

At present, the maximum confirmed efficiencies of co
centrator solar cells are 24.6% for solar radiation in ou
space1–3 ~AM0, 100 suns! and 27.6% for solar radiation nea
the earth’s surface3 ~AM1.5, 255 suns!. AlGaAs/GaAs het-
erostructure solar cells can be used to obtain high effic
cies, even for concentrations of sunlight exceeding 10
suns. For example, an efficiency of 23% has recently b
obtained4 with a concentration of 1300 suns~AM1.5!.

In order to obtain higher efficiencies at high concent
tions of sunlight, resistive losses must be reduced w
maintaining a high photocurrent and working voltage. In t
work reported here, these goals have been met by creatin
optimum AlGaAs/GaAs heterostructure by low-temperat
~600–400 °C! liquid-phase epitaxy2,5–7.

2. STRUCTURE OF THE SOLAR CELLS

Photocells were created on the basis of the heterost
tures shown in Fig. 1. The following sequence of layers w
grown on ann-GaAs substrate:n-AlGaAs ~3 mm!, n-GaAs~3
mm!, p-GaAs ~1–1.5mm!, andp-Al0.85Ga0.15As ~0.05 mm!.
In order to reduce the resistive losses in this structure,
doping level was substantially increased~to 1019cm23) in
thep-GaAs layer next to thep-GaAs–pAl0.85Ga0.15As inter-
face. In order to ensure a long diffusion path length for
electrons in this layer, an embedded electric field was cre
in this layer by smoothly reducing the acceptor concentra
from the heterogeneous interface to thep2n-junction.

A strip front ohmic contact was fabricated into th
highly doped part of thep-GaAs layer, which ensured a low
contact resistance. A ‘‘prismatic’’ coating~Fig. 1! was ce-
mented to the photoelement to reduce the optical losses
to shadowing by the contact strips; this coating deflec
light rays onto a photoactive part of the element, free fr
contact strips.
9761063-7826/99/33(9)/2/$15.00
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3. RESULTS AND DISCUSSION

Because of the high efficiency of charge carrier colle
tion over the spectral range 0.4–0.85mm ~Fig. 2! in photo-
elements based on these structures, near maximum phot
rents were obtained: 28.7 mA/cm2 for ‘‘earthbound’’ solar
radiation~AM1.5! and 35 mA/cm2 in outer space~AM0!.

In solar cells intended for operation at ultrahigh conce
trations of sunlight, it is extremely important to achieve
optimum balance between the width and step size of
contact strips. Figure 3 shows the filling factor of the lo
characteristics as a function of concentration for three s
cells of different designs. A high value ofFF50.85 can
evidently be maintained in cells with a separation of 0.
mm between contact strips with a width of 6-8 mm wide
sunlight concentrationsKC54000 suns. The resistive losse
~spread resistance and contact resistance! in these cells were
lowered by increasing the thickness of thep-GaAs layer to
1.2–1.5mm, as well as by increasing the doping of this lay
near the heterojunction to (223)31019cm23. The gradient

FIG. 1. The cross section of an AlGaAs/GaAs heterostructure solar ce
© 1999 American Institute of Physics
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in the hole concentration required to create a built-in ‘‘pu
ing’’ electric field was created in two ways: either by su
cessive crystallization of several layers ofp-GaAs with an
increasing concentration of Mg in the melts, or by addition
post-growth diffusion of zinc to a depth of 0.2–0.3mm into
a heterostructure with an epitaxial layer ofp-GaAs of thick-
ness 1.0–1.2mm.

The contact strips shadowed about 15% of the c
without prismatic coatings. In order to reduce these los
prismatic coatings made of transparent polymer~silicone!
were cemented onto the solar cells by negative profiling
the matrix and lining this matrix with the silicone. With thes
coatings the losses due to shadowing were reduced to 3

Because of the reduced resistive losses in these cel
was possible to attain record efficiencies at ultrah
(KC>1000 suns) concentrations of sunlight: 25% f
KC51000, 24.8% forKC51300, 22.8% forKC52000, and
21.3% forKC52500 suns. These studies showed that at
maximum attainable photocurrents of order 28 mA/c2

~AM1.5! in a single structure and at a load characteris

FIG. 2. Photoresponse spectra of a concentrator solar cell without an
reflecting coating and with a coating made of ZnS1MgF2 , as well as the
reflection spectrum of the coated cell.

FIG. 3. The filling factorFF of the load characteristic as a function o
illumination intensity for solar cells with different distances between con
strips: 0.1mm ~1, 2! and 0.04mm ~3! and with different areas of the activ
illuminated surface: 6 mm2 ~1! and 2 mm2 ~2, 3!.
l

ls
s,

f

%.
, it
h

e
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filling factor of 0.85–0.87, the efficiency could be increas
further to 27% at a sunlight concentration of 2000–3000 s
~Fig. 4!.

The solar cells for operation at ultrahigh sunlight co
centrations which we have developed can be used ex
sively in ground-based and space-based solar power syst
in ground-based concentrator solar power production eq
ment with low cost solar cells; in space based hybrid m
ules with concentrators and fiber optics and batteries
spacecraft aimed at the sun; and in systems for energy tr
mission by laser beams.

These devices permit a substantial buildup in the pow
of concentrator solar power systems without significant
creases in production facilities for semiconductor hete
structures. Thus, at the Ioffe Institute, up to 105 cm2 hetero-
structures per year can be produced using the exis
epitaxial equipment, which is sufficient to produce solar ce
with a combined output of up to 23106 W/g in modules
operating atKC51000 suns.

We wish to thank N. Kh. Timoshina, N. D. Il’inskaya
and A. I. Dement’eva for help in preparing and measur
the samples. We also thank Zh. I. Al’fe¨rov for continuing
interest in and support of this work.
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Parabolic negative magnetoresistance in p -Ge/Ge12xSix heterostructures
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Quantum corrections for the conductivity due to the weak localization~WL! and the disorder-
modified electron-electron interaction~EEI! are investigated for the high-mobility
multilayer p-Ge/Ge12xSex heterostructures atT5(0.1220) K in magnetic fieldB up to 1.5 T.
Negative magnetoresistance with logarithmic dependence onT and linear inB2 is observed
for B>0.1 T. 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 estimated (Fs

50.44) and the WL and EEI contributions to the total quantum correctionDs at B50 are
separated (DsWL'0.3Ds; Dsee'0.7Ds). © 1999 American Institute of Physics.
@S1063-7826~99!01209-0#
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1. INTRODUCTION

The diffusive nature of electron motion in disorder
conductors results in quantum corrections for the effects w
nontrivial dependences on temperatureT and magnetic field
B.1,2 These corrections are of the order of (kFl )21, wherekF

is the Fermi wave vector, andl is the mean free path. Th
total quantum correction for the Drude conductivity consi
of the single-particle weak localization part and the part d
to the disorder-modified electron-electron~e–e! interaction
between particles with similar momenta and energies~in the
diffusion channel! and between particles with small total m
mentum~in the Cooper channel!. For two-dimensional~2D!
system all three quantum corrections, i.e., localization, e
interaction in the diffusion channel, and e–e interaction
the Cooper channel lead to the logarithmic low-temperat
dependence of the conductivity atB50:

Ds~T!5
e2

2p2\ H Fp1S 12
3

4
F D2~p21!b~T!G

3 ln
kTt

\
2 ln

ln~kTct/\!

ln~Tc /T! J . ~1!

The first term in square brackets in Eq.~1! is associated with
the weak localization, the second term is a quantum cor
tion due to the e–e interactions~EEI! in the diffusion chan-
nel, and the third term is the Maki–Thomson correction. T
second term in braces is a quantum corrections due to EE
the Cooper channel.

The different quantum corrections may be separated
application of an external magnetic field since each quan
effect has its own range of characteristic magnetic fields.3 In
the absence of spin scattering the magnetoresistance as
ated with the weak localization is negative. For this effe
there exist two characteristic fields: the fieldBw of crossover
from parabolic to logarithmicB-dependence of magnetore
9781063-7826/99/33(9)/3/$15.00
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sistivity (Bw5\c/4eLw
2, and Lw is the inelastic scattering

length! and the field Btr5\c/2el2, where the magnetic
length is less than the elastic scattering length. For the ef
in the Cooper channel the characteristic fieldBint is the field
where the magnetic length is less than the coherence le
LT .

The localization effect is totally suppressed for fieldB
@Btr5\c/2el2, where the magnetic length is less than t
elastic mean free pathl.4 In this range, the only quantum
correction for the conductivity is from EEI in the diffusio
channel. In contrast with theB sensitivity of the WL effect,
the calculation for the EEI in the absence of spin effects5–7

demonstrates that

Dsxx[Dsee2~e2/2p2\!g ln~kTt/\!, Dsxy50, ~2!

irrespective of the strength of the applied magnetic fie
Heret is the elastic relaxation time and the interaction co
stantg5(12Fs), where the first universal term is due to th
exchange~Fock! part and the second term (Fs) is related to
the direct~Hartree! part of the Coulomb repulsion.

Inverting the conductivity tensor8 in the presence of EE
corrections, we have the following expression for the ma
netoresistivity:

rxx
ee~B!51/s01@12~vct!2#Dsee/s0

2, ~3!

wheres0 is the Drude conductivity, andvc is the cyclotron
frequency. The consequence of Eq.~3! is twofold: irrespec-
tive of temperaturerxx(B)51/s0 for vct51 and the link
between the classical cyclotron motion and the EEI effec
the diffusion channel accounts for the parabolic negat
magnetoresistance with logarithmic temperature depende

rxx
ee~B!2ree~0!52~vct!2Dsee/s0

2'2B2 ln T.
© 1999 American Institute of Physics
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2. EXPERIMENTAL RESULT AND DISCUSSION

We have investigated the conductivity and magnetore
tance of strained multilayer p-type Ge/Ge12xSix (x50.03)
heterostructures with the hole densitiesp5(2.4– 2.6)
31011cm22 and mobilitiesm5(1.021.7)3104 cm2/~V•s!,
(kFl>10), on Ge layers atT>0.1 K in magnetic fields up to
1.5 T. The conductivity atB50 varies as the logarithm ofT
in a wide temperature range~0.1–20.0! K ~Fig. 1!. For B
perpendicular to Ge layers the negative magnetoresistan
observed in a whole range of magnetic fields up tovct51
~Fig. 2!. Because of the high mobility of holes, only a sm

FIG. 1. Temperature dependence of the conductivity atB50.

FIG. 2. The resistivityrxx as a function of the magnetic field atT, K:
1—0.3, 2—0.5, 3—2.2, 4—4.2, 5—12.2.
s-

is

magnetic fieldBtr50.03 T is needed to suppress the effect
weak localization. The logarithmic dependence ofDs on T at
B@Btr ~Fig. 3! unambiguously is evidence of the EEI qua
tum corrections. Figure 4 demonstrates that atB>3Btr the
magnetoresistance is parabolic. The intersection point
curves for differentT at vc t>1 is also observed~see
Fig. 2!.

The extrapolation ofB2 dependences toB50 according
to Eq. ~2! gives the values ofree(0)51/s01Dsee/s0

2 for
eachT. From the universal value ofrxx at vct51 we have

FIG. 3. Plot of the quantum correction for the conductivityDs vs lnT for
different magnetic fields.

FIG. 4. The resistivityrxx againstB2 from B50 to B50.9T for T, K:
1—0.3, 2—1.4, 3—2.2. The solid line is the extrapolation of theB2 depen-
dence to zero field. The inset shows one of the curves~for T50.3 K) at
higher magnetic fields (vct.1).
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the Drude conductivitys0512.4e2/h. Then, in accordance
with Eq. ~2!, the Hartree interaction constant is estimated
be Fs50.44. Because of the transparent parabolicrxx(B)
dependence in a wide range of magnetic fields, where
EEI contribution is dominant, the separation of WL and E
parts of the total quantum correctionDs at B50 is possible.
The result for our structures is thatDsee'0.7Ds and
DsWL'0.3Ds.

3. CONCLUSION

We have observed a large negative magnetoresistan
a high-mobility 2D hole gas inp-Ge12xSix /Ge/Ge12xSix
quantum wells. We find that a negative magnetoresistanc
proportional toB2 and has a logarithmic temperature depe
dence. We attribute this behavior to the link between
classical cyclotron motion and the EEI corrections for t
conductivity in the diffusion channel~exchange and Hartre
contributions!. Our sample parameters indicate that the we
localization and the EEI in the Cooper channel effects
totally suppressed in this field and temperature regimeBw

,331024 T, Bint,0.03 T andT,2.2 K) but the Zeeman
o

e
I

of

is
-
e

k
e

splitting is not effective,Bs.1 T, above 2 K. We find good
agreement between theory and experiment on the valu
the Hartree interaction constant.
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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 mode. ©1999 American Institute of
Physics.@S1063-7826~99!01309-5#
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Quantum dot~QD! semiconductor lasers have attract
increasing interest because of their expected advantages
ordinary semiconductor lasers with three-dimensional ac
regions and quantum-well~QW! lasers.1 A theory has been
developed for the threshold currents and characteristic t
perature of QD lasers that takes into account inhomogene
line broadening due to the spread in the parameters of
QD ~e.g., its size!.2–5 The optimum parameters of the las
structure, with minimization of the threshold current dens
were calculated as functions of the surface QD concen
tion, the dispersion of the QD size, losses~cavity length!,
and temperature.

In this paper we study the effect of spatial hole burni
and multimode lasing in QD lasers. As in conventional se
conductor lasers with a three-dimensional active region
QW lasers~as well as in solid state lasers!,6,7 spatial hole
burning in QD lasers is caused by nonuniform stimula
carrier recombination in the longitudinal direction in the ca
ity. Because light emitted beyond the lasing threshold i
standing wave in the cavity, stimulated carrier recombinat
will be most intense in QDs lying near the intensity ant
odes of the emitted light and least intense in those lying n
the nodes~Fig. 1!. This causes an emptying of the quantu
dots lying near the antinodes and overfilling of the quant
dots that lie near the nodes. This process can cause lasi
high-order longitudinal cavity modes, along with the fund
mental mode.

The question of multimoding in semiconductor lasers
pressing, in both fundamental and practical terms. Studie
the physical processes controlling the multimode las
threshold are needed in order to determine ways of suppr
ing additional modes and creating single mode lasers.

In lasers with three-dimensional active regions and Q
lasers, diffusion smoothes out spatial nonuniformities in
distributions of the carriers and population inversion alo
the cavity, completely or partly suppressing the burning
holes in the spatial distribution of the carriers.6,7

The situation is fundamentally different in QD lasers.
9811063-7826/99/33(9)/4/$15.00
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them, carrier diffusion plays an analogous, but minor role.
fact, only carriers localized in the QD contribute to stim
lated emission. Free carriers also exist in the optical clipp
region of the laser and they contribute to spontaneous e
sion, thereby increasing the threshold current density2–5

Thus, balancing a spatially nonuniform population inversi
requires thermal ejection of carriers from the QD, as well
longitudinal diffusion of free carriers. The slower of the tw
processes~thermal ejection and diffusion! will control the
spatial distribution of carriers in QD lasers.

Since the characteristic times for thermal ejection of c

FIG. 1. Distributions of the stimulated emission intensity and populat
inversion along the cavity.
© 1999 American Institute of Physics
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riers from a QD~see the formulas below! are usually much
longer than those for diffusion over half the wavelength
the light in the medium~the characteristic scale length of th
nonuniformity!, smoothing of a spatially nonuniform popu
lation inversion can be strongly suppressed in a QD la
Thus, spatial hole burning may show up more strongly.

Thus, thermal ejection of carriers from QDs, in contra
with the diffusion, controls the smoothing out of the spat
nonuniformities in the population inversion in QD lase
The finite characteristic times for thermal ejection determ
the threshold for multimoding in QD lasers. A similar situ
tion has been examined for ‘‘band–impurity center’’ las
transitions.8,9

The multimode lasing thresholdd j is defined as the ex
cess in the pump current density~injection! over the thresh-
old current for the fundamental~nearest to the maximum in
the gain spectrum! mode required for generation of the ne
longitudinal cavity mode. An analysis of this question yiel
the following expression ford j :

d j 5 j 22 j th52
udgu

gmax

eNs
min

tn~12 f n!1tp~12 f p!
, ~1!

where j th and j 2 are the threshold current densities for t
fundamental and next longitudinal modes, respectively,
the cavity,gmax is the maximum in the gain spectrum,f n,p

are the average~over the ensemble of QDs! degree of filling
of the electron and hole quantum-well levels in the QD
quired for lasing in the fundamental mode,2–5 Ns

min5(4/j)
3(Ae/l0)2tQD@(D«) inhom/\#b(a/G) is the minimally per-
missible surface concentration in the QD required to achi
lasing in the fundamental mode for given lossesb ~a given
cavity length L) and inhomogeneous line broadenin
(D«) inhom,2,3,5 j is a numerical constant in the QD size di
tribution function (j51/A2p and j51/p for Gaussian and
Lorentzian distributions, respectively!, l0 is the vacuum
wavelength of the fundamental mode,a is the average QD
size, andG is the optical clipping coefficient in the layer wit
the QD ~in the transverse direction in the cavity!.2

The characteristic times for thermal ejection of electro
and holes in Eq.~1! are given by2

tn5
1

snvnn1
, tp5

1

spvpp1
, ~2!

wheresn,p are the cross sections for capture of electrons
holes in a QD andvn,p are the thermal speeds. In Eq.~2!,
n15Nc

OCL exp@2(DEc2«n)/T# and p15Nv
OCLexp@2(DEv

2«p)/T#, whereNc,v
OCL52(mc,v

OCLT/2p\2)3/2 are the effective
densities of states in the conduction and valence bands o
material in the optical clipping region,DEc andDEv are the
gap widths in the conduction and valence bands at the
eroboundary between the QD and the optical clipping reg
«n,p are the quantum-well energies of electrons and hole
a QD of average sizea, andT is the temperature~in energy
units!.

The absolute magnitude of the difference in the g
coefficients for the fundamental and next cavity modes
Eq. ~1! is given by
f

r.

t
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e
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udgu5
1

2U ]2g

]E2U~dE!25
1

2U ]2g

]E2US \
c

Ae

p

L D 2

. ~3!

The derivative in Eq.~1! is taken atE5E0, whereE0 is the
photon energy in the fundamental mode. The difference
tween the photon energies of neighboring longitudinal mo
(Dm561) of a Fabry-Perot cavity isdE5\(c/Ae)(p/L),
where c is the speed of light in vacuum,e is the electric
permittivity of the optical clipping region, andL is the cavity
length.

For a Gaussian distribution of the relative fluctuations
the QD size,

udgu

gmax
5

1

2 S \~c/Ae!~p/L !

~D«! inhom
D 2

, ~4!

where (D«) inhom5(qn«n1qp«p)d is the inhomogeneous line
broadening due to the spread in the QD sizes,qn,p5
2(] ln «n,p /]lna), andd is the mean-square deviation of th
relative fluctuations in the QD size.2

The threshold current density for the fundamental mo
is given by2–5

j th5
eNs

tQD
f nf p1ebBn1p1

f nf p

~12 f n!~12 f p!
, ~5!

where Ns is the surface concentration of QDs,tQD is the
radiative recombination time in a QD,2,3,5 b is the thickness
of the optical clipping region, andB is the radiative recom-
bination constant in the optical clipping region.

The relative threshold for multimode lasing is

d j

j th
52

udgu

gmax

Ns
min

Ns

tQD

tn~12 f n!1tp~12 f p!

3
1

f nf p1~tQD/Ns!bBn1p1@ f nf p /~12 f n!~12 f p!#
.

~6!

In the following we shall limit the discussion to the case
charge neutrality in the QD, where the degree of filling of t
quantum-well electron and hole levels is given by2,3,5

f n5 f p5
1

2 S 11
Ns

min

Ns
D . ~7!

It is evident from Eqs.~1!, ~2!, and~6! thatd j andd j / j th

increase with increasingsn,p . Naturally, the largersn,p is,
the more intense the capture processes in the QD will be
the more weakly the spatial hole burning will manifest itse

The results of these calculations will now be illustrat
for an GaInAsP/InP laser heterostructure.2–5 The thickness of
the optical clipping region isb50.28mm. The ~power! re-
flectivities of the mirrors areR15R2'0.33. A Gaussian dis-
tribution of the relative fluctuations in the QD sizes is a
sumed. The average size of the cubic QDs isa5150Å. The
surface concentration of QDs, the mean-square deviatio
the relative fluctuations in the QD size, the cavity length, a
temperature areNs56.131010cm22, d50.025 ~5%!, L
5500mm, andT5300 K, respectively, unless otherwise in
dicated. The corresponding minimum permissible surfa
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concentration of QDs2,3,5 ~controlled by the values ofd, L,
andb) required to obtain lasing in the fundamental mode
Ns

min52.131010cm22.
Calculatingsn,p lies beyond the scope of this article

Here we have takensn,p510213cm2 as an estimate for the
multimode threshold~considerably smaller than the geome
ric cross section of a QD!. It should be noted that the way th
multimoding threshold depends on the structure parame
and temperature does not change assn,p is varied.

FIG. 2. Relative threshold for single mode lasingd j / j th ~smooth curves! and
the minimum threshold current density for the fundamental mode~dashed
curves! as functions of~a! the average root-mean-square~RMS! deviation of
the relative fluctuations in the QD size,~b! cavity length, and~c! tempera-
ture. Each point on the curves corresponds to a specific structure optim
for the given value ofd ~a!, L ~b! or T ~c!, respectively.
s

rs

It has been shown2,5 that the optimum parameters for
laser structure~surface concentration of quantum dots a
thickness of the optical clipping layer!, such that the thresh
old current density for the fundamental mode is minim
depend on the mean-square deviation in the relative fluc
tions in the QD size, the cavity losses~i.e., cavity length!,
and temperature. Some calculations for structures that h
been optimized to minimize the threshold current density
the fundamental mode are shown below.2,3,5

Figure 2 shows plots of the relative threshold for mul
mode laser generation~smooth curves! and the minimum
threshold current density for the fundamental mode~dashed
curves! as functions of~a! the mean-square deviation in th
relative fluctuations in the QD size,~b! the cavity length, and
~c! temperature. Each point on the curves corresponds
concrete structure optimized for the given value ofd ~Fig.
2a!, L ~Fig. 2b!, or T ~Fig. 2c!.

Figure 2a shows that reducing the spread in the QD s
leads both to a drop in the minimum threshold current d
sity and to a substantial rise in the threshold for multimo
lasing at a QD. For structures optimized atd50.025~spread
5%! and 0.1~spread 20%!, d j / j th'21 and 2%, respectively
The corresponding minimum threshold current densities
8 and 25 A/cm2.

Increasing the cavity length leads to a desirable red
tion in the minimum threshold current, but at the same tim
to an undesirable reduction in the threshold for multimod
~Fig. 2b!.

The reduction in the minimum threshold current dens
that occurs as the temperature is lowered is accompanie
a simultaneous drop in the multimoding threshold~Fig. 2c!.
Naturally, thermal ejection of carriers from a QD and, the
fore, balancing of the spatially nonuniform population inve
sion are suppressed at low temperatures. Thus, the mult
ding threshold is also low at low temperatures.

In this paper we have calculated the threshold for mu
mode lasing in a QD laser. It has been shown that the m
timoding threshold is determined by the finite characteris
times for thermal ejection of carriers from a QD. A reductio
in the spread in the QD sizes leads both to a drop in
minimum threshold current density and to a substantial
in the multimoding threshold. The reduction in the minimu
threshold current density that occurs as the temperatur
lowered is accompanied by a simultaneous drop in the m
timoding threshold.

This work was supported by the Russian Fund for Fu
damental Research~Grant Nos. 99-02-16796 and 96-15
96348! and the Program on the Physics of Solid State Na
structures~Grant Nos. 97-1035 and 99-1106!.
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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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted March 1, 1999; accepted for publication March 2, 1999!
Fiz. Tekh. Poluprovodn.33, 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. ©1999 American Institute of Physics.@S1063-7826~99!01409-X#
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Semiconducting structures with surface lattices form
by a system of open~without growth over them! wires is
characterized by a large difference between the dielec
permittivities of the wire material and the air in the ga
between them. This causes a spatial redistribution of the
plitudes of incident electromagnetic waves along the cr
section of the lattice. This sort of redistribution is substa
tially different for waves polarized along~TE-waves! and
perpendicular to~TM-waves! the direction of the wires.1–3

To a great degree, this determines the strong polariza
anisotropy in the optical properties of structures with op
wires. This mechanism for formation of a polarization a
isotropy is substantially more important than on
dimensional clipping when effective exciton quantization h
still not been achieved. We call such wires nanowires bel
A strong polarization anisotropy has been observed in
luminescence and Raman scattering spectra of these s
tures before.4–6 In this paper we study the polarization a
isotropy in the optical reflection spectra of structures w
open ZnCdSe / ZnSe nanowires.

The test samples were produced by interference lith
raphy followed by reactive ion etching7 from undoped struc-
tures containing a single Zn12xCdxSe (x516%) quantum

FIG. 1. Reflection spectra of a structure with open nanowires for TM-
TE-waves in the neighborhood of the exciton resonances of the wires.
9851063-7826/99/33(9)/3/$15.00
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well of thickness 5 nm enclosed between 20- and 25-
ZnSe barriers. The initial structures were grown on a s
strate of GaAs with~100! orientation. In the resulting
samples, the ZnSe / ZnCdSe / ZnSe wires, with a wi
a570 nm and heightb560 nm, were positioned on the sub
strate with a period ofL5250 nm.

The experiments were done with sample temperatu
T52, 77, and 300 K. The reflection spectra were measu
with strictly normal incidence of a collimated (0.5°) beam
white light linearly polarized parallel~TE! or perpendicular
~TM! to the direction of the wires. The effect of addition
irradiation on the reflection spectra was studied using vari
laser lines with similar excitation energy fluxes (;10 W /
cm2).

The reflection spectraR'(hn) andRi(hn) obtained for
TM- and TE-waves, respectively, are shown in Fig. 1. T
figure shows thatR' is significantly greater thanRi over a
wide spectral range. The ratioR' /Ri is as high as 2.5 in the
interval 2.4822.75 eV.

Additional photogeneration of carriers within the volum
of the wires by 2.807-eV laser light causesR' to increase by

d

FIG. 2. Reflection spectra of a structure with open nanowires for TM- a
TE-waves in the neighborhood of the exciton resonances of the subs
The dashed curve is the reflection spectrum of an initial quantum well st
ture.
© 1999 American Institute of Physics
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;15% over the entire spectral range studied here but d
not change theRi spectrum~except for a narrow region nea
the exciton resonances of the wire!. Additional irradiation by
photons with energies less than the gap of the ZnCdSe / Z
structure has no effect on the reflection spectra. It should
noted that, in the case of an initial structure with a quant
well, additional photocarriers do not change the reflectiv
within a wide spectral range. The different effect of las
irradiation on the reflectivitiesR' and Ri may be a conse
quence of different contributions of the boundary conditio
at the side walls of the ZnSe-wires for TE- and TM
polarizations of the incident light. For TM-polarization, the
boundary conditions determine the optical response of
wires to a significant degree. Thus, the change in the bou
ary conditions when the free carrier concentration is rai
by screening the surface embedded electric fields will lea
a substantial change in the ‘‘background’’ reflectivity for th
polarization. For TE-polarization, these boundary conditio
have a significantly smaller effect.

It was possible to detect features associated with exc
resonances of the GaAs substrate in the reflection spectra
can be seen in Fig. 2, these resonances are similar in
spectra for both TM- and TE-waves. Compared to the refl
tion spectrum from the initial quantum well structure, t
spectra of the nanowire structure had an additional reson
feature at higher energies. This behavior probably origina
in a periodic modulation of the elastic deformation along
substrate surface caused by a mismatch of the lattice pa
eters of the substrate and wire materials.

The resonance features corresponding to excitons of
ZnCdSe layer and the ZnSe barriers mostly show up onl
the Ri spectrum. The amplitude of these resonances
creases with additional laser pumping at photon energies
ceeding the gap of the corresponding material. This is c
firmed by Fig. 3, in which one of the spectra was measu
while the specimen was being irradiated with 2.807-eV la
light. ~Here the luminescence contribution to the detec
signal was negligible.! The effect of additional photocarrier

FIG. 3. Reflection spectra of a structure with open nanowires for TE- wa
in the neighborhood of the exciton resonance of the ZnCdSe. These sp
were obtained with and without additional illumination by 2.807-eV las
light.
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on the amplitude of the resonances is related to a reductio
exciton damping, which, in turn, is caused by a reduction
the embedded electric fields in the wires due to screenin
surface charged states by photogenerated carriers or du
their neutralization as carriers are captured.

The polarization anisotropy of the reflection spectra c
be described by a model that includes an effective an
tropic layer in structures with open nanowires. A sho
period grating of semiconductor strips separated by air g
can be regarded as a uniform anisotropic uniaxial layer
is characterized by effective refractive indicesn0 andne for
the ordinary ~TE! and extraordinary ~TM! waves,
respectively,8

n0
25an2/L1~L2a!nair

2 /L,

1/ne
25a/~Ln2!1~L2a!/~Lnair

2 !,

wheren is the refractive index of the semiconductor layer
the wire. The dielectric permittivity corresponding to a give
n is chosen to have a form that takes the exciton resona
into account, i.e.,

«~E!5«01C~Ex!/~Ex
22E22 iEGx!,

where «0 is the background dielectric constant due to t
high-energy bands,E is the photon energy,Ex is the energy
of the exciton ground state, andGx is the homogeneous
broadening of the exciton resonance. Inhomogeneous br
ening was taken into account by averaging over the posi
of the exciton resonance. The Gaussian averaged profile
the ZnCdSe layer had a half-width of about 25 meV and t
for a ZnSe barrier was about 47 meV. The coefficientC is
proportional to the square of the matrix element for the m
mentum^p& for interband transitions:

C~Ex!5~256\2«~0!3R3P2!/~m0e4Ex!,

where«(0) is the static dielectric constant,R is the binding
energy of the exciton ground state, an
P25(2u^p&u2)/(3m0).

s
tra

r
FIG. 4. Calculated reflection spectra of a structure with open nanowires
TM- and TE-waves in the neighborhood of the exciton resonances of
wires.
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Expressions for the reflection coefficientr for normally
incident TE- and TM-waves were derived including refle
tion from three effective anisotropic layers containing str
of ZnSe, ZnCdSe, and ZnSe, respectively, and lying abo
thick GaAs layer:

r 5@r 011t01t10/r 011B exp~2 i4pn1h1 /l!#/~11B!,

where

B52r 231t23t32/@2r 231A exp~ i4pn2h2 /l!#,

and

A5r 231t23t32/@r 231exp~2 i4pn3h3 /l!/r 34#,

where r jk and t jk are amplitude reflection and transmissi
coefficients for the corresponding effective layer of thickne
hj , andnj is the effective refractive index of this layer fo
TM- or TE-waves.

The reflection spectra for the two polarizations were c
culated using the actual structure parameters and tabu
data~for the ‘‘background’’ refraction and extinction coeffi
cients of ZnSe and GaAs9,10!. The quantitiesC, Gx , andEx

were chosen for optimum matching of the calculated a
experimental spectra. This made it possible to estimate
homogeneous broadening of the exciton resonances, w
was about 20 meV for the ZnCdSe layer, as well as
parameterP for bulk ZnSe, atP2'28.5 eV. This value was
close to published estimates.11

The fragment of a spectrum shown in Fig. 4 has all
characteristic features of the experimental spectra. The e
ton resonance features corresponding to the ZnSe
ZnCdSe strips show up mainly in theRi spectrum. Reducing
the dampingGx increases the amplitude of the resonan
The exciton resonances corresponding to GaAs subs
have the same amplitudes in the spectra for TM- and
waves.

R' is substantially greater thanRi over a wide range.
The shape and amplitude of theR' spectrum is determined
by reflection from the GaAs substrate. This is because
intensity of an electromagnetic wave polarized perpendic
to the direction of the wires is concentrated largely in the g
between the wires, so that there is an effective interac
with the substrate.

The slight quantitative difference between the theoret
and experimental spectra may be the result of the disreg
in our model, of the scattering of light on the surface roug
ness of the wires, diffraction of light into the substrate, a
-
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e
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deviations of the wire cross sections from square cross
tion. In addition, we have ignored the anisotropy of the m
trix elements of the optical transitions due to the differe
distributions of the amplitude of the electromagnetic fie
along the cross sections of the wires for TM- and TE-wav

In conclusion, it should be noted that the successful
terpretation of the polarization properties of the reflecti
spectra of structures with open nanowires in terms of
effective anisotropic layer model confirms the importance
taking into account the effect of the spatial distribution of t
elements of a substantially inhomogeneous medium on
response of this medium to optical perturbations.
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this work.
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Photoluminescence of InAs quantum dots grown on disoriented GaAs substrates
G. V. Astakhov,* ) V. P. Kochereshko, D. G. Vasil’ev, V. P. Evtikhiev, V. E. Tokranov,
I. V. Kudryashov, and G. V. Mikha lov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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The photoluminescence spectra in an external magnetic field of an ensemble of InAs quantum
dots grown by molecular beam epitaxy on a~001! 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.
@S1063-7826~99!01509-4#
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1. INTRODUCTION

Increasing interest of researchers has recently been
centrated on studies of structures with quantum dots
quantum filaments. Quantum dots~QDs!, as the limiting case
of carrier quantum wells, are extremely interesting to ba
researchers. Since ideal QDs have a line emission spect
they also offer promise as low-threshold semiconductor
sers. One of the major problems in the technology of QD
producing a uniform array of dots with a high density.1 This
problem is solved by using self-organization effects.2 How-
ever, as the concentration of QDs increases, coalescenc
fects in which neighboring QDs merge into one are o
served. This reduces the photoluminescence efficiency, s
dislocations develop in these QD systems and become
ters of nonradiative recombination.

A technique of growing InAs QDs using substrates
~001! GaAs that are disoriented in the@010# direction in or-
der to raise the density and homogeneity of an array of QD3

On surfaces of this sort, steps develop in the@110# and@ 1̄10#
directions. The intersection of these steps creates a netw
of terraces, with alternating wide and narrow regions that
bounded by steps on all sides. Quantum dots grown on
faces of this sort lie predominantly on the wide regions of
terraces~Fig. 1!.

2. EXPERIMENT

We have studied samples with InAs QDs grown on d
oriented GaAs substrates~disorientation angle 4°) using
self-organization effects. The photoluminescence spect
of the QDs is shown in Fig. 2. The experiment was done
temperature of 1.6 K and the photoluminescence was exc
by He-Ne laser light with an intensity of 1 W/cm2. In the
spectrum two inhomogeneously broadened photolumin
cence profiles, each with a Gaussian shape, can be d
guished. The peaks in these profiles are separated
;100 meV. A detailed analysis of the photoluminescen
line profiles is given elsewhere.4 Two photoluminescence
peaks show up because there are two QD arrays. The ave
size of the QDs in these arrays differs by;15%. One array,
QD-1, is associated with quantum dots that grow in the c
9881063-7826/99/33(9)/3/$15.00
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ners of the terraces~position 1 in Fig. 1!. The other array,
QD-2, is associated with points that developed sponta
ously in plane sections of the terraces~position 2 in Fig. 1!.
Because of the easier growth conditions and partial re
ation of the stress at the points on the boundary with ano
terrace,3 the average size of QD-1 is greater than that
QD-2. Therefore, the photoluminescence maximum of
QD-1 array lies at a lower energy than that of QD-2.
comparison of the integrated intensities of the QD-1 a
QD-2 arrays yields an estimate of the relative number
quantum dots grown at the corners and centers of the
races: in these samplesn1 /n2'1.

The intensity of the QD photoluminescence is found
increase significantly in an external magnetic field~see the
inset in Fig. 2!. This behavior stems from the presence
another type of quantum dots, QD-3~position 3 in Fig. 1!,

FIG. 1. A sketch of a structure with InAs quantum dots~pyramids!, grown
on a ~001! GaAs substrate, disoriented in the@010# plane. Three possible
types of quantum dots are shown.1 and 2 correspond to quantum dot
located in the corners and center of the terraces, respectively, and3 to
quantum dots formed as a result of coalescence.
© 1999 American Institute of Physics
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989Semiconductors 33 (9), September 1999 Astakhov et al.
which are formed through coalescence of QD-1 and QD
The QD-3 do not contribute to the photoluminescence
cause of strong nonradiative recombination of photocarr
due to the development of dislocations in them. We assu
that capture of photogenerated carriers in QD-3 is suppre
in a magnetic field, so that the photoluminescence inten
increases. The effect of magnetic field on the photolumin
cence intensity is explained as follows. Letn1,25n11n2 de-
note the total concentration of QD-1 and QD-2 andn3 denote
the concentration of QD-3. We assume that the probability
capture in a quantum well is proportional to its area. T
average sizes of QD-1 and QD-2 differ by only 15% and
on the order of 150 Å. In this case, we can assume that
probabilities of capture into QD-1 and QD-2 are rough
equal, withv2'v15v1,2. The sizes of the QD-3 are limite
by the terrace size. For a disorientation angle of 4°,
terrace size is 300 Å~Ref. 3!, and the probability of capture
into QD-3 (v3) is different. Thus,v5v3 /v1,2'4.

Under steady-state conditions, the photoluminescenc
determined by the extent of capture~the fractions of photo-
generated carriers captured into QD-1 and QD-2!,

x05
n1,2v1,2

n1,2v1,21n3v3
. ~1!

In an external magnetic fieldB, the photocarriers are loca
ized in a region whose size is on the order of the magn
length L (L25\c/eB). In a strong magnetic field, 1/pL2

@n11n21n3 „B@B05p\c(n11n21n3)/e… and the pho-

FIG. 2. Photoluminescence spectrum of quantum dots~QD! in zero mag-
netic field. The dotted curves are two Gaussian profiles used to approxi
the photoluminescence spectrum. The narrow lines at an energy;1.5 eV
correspond to exciton recombination in bulk GaAs. The inset shows
photoluminescence spectra of quantum dots in magnetic fieldsB50 ~1!, 0.9
~2!, and 2 T~3!.
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tocarriers are captured into the nearest QD. In this case
capture of photocarriers is determined only by the concen
tion of QDs and the extent of capture is given by

x`5
n1,2

n1,21n3
. ~2!

Comparing Eqs.~1! and ~2!, we find

x`

x0
5

11vn3 /n1,2

11n3 /n1,2
. ~3!

For v.1, the QD photoluminescence intensity increases
magnetic field and forv,1, it decreases.

Figure 3 shows the QD photoluminescence intensity a
function of magnetic field, normalized to the intensity in ze
field. Two characteristic regions can be distinguished.
B,2 T, the photoluminescence intensity increases with
ing magnetic field. ForB.2 T, the photoluminescence in
tensity saturates to 1.2 times the QD photoluminescence
tensity for B50. This dependence can be used to estim
the characteristic magnetic fieldB0'1 T and to
determine the total QD concentration:n11n21n3

5eB0 /p\c'1011cm22. This concentration is consisten
with the value determined previously by atomic-force m
croscopy in similar structures.

3. THEORY. DISCUSSION OF RESULTS

By analogy with Ref. 5, the fraction of photocarrie
captured into a QD of typei ( i 51,2,3) can be written as

Ji;niG i
(0) , ~4!

te

e

FIG. 3. Relative change in the photoluminescence intensity of quantum
in a magnetic field,I QD /I QD(B50). The points are experimental data an
the curve, a calculation according to Eq.~12!.
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whereG i
(0) is the rate of generation of particles in a QD

the corresponding type. Then the extent of capture is

x5
n1,2G1,2

(0)

n1,2G1,2
(0)1n3G3

(0)
, ~5!

and the relative change in the intensity in a magnetic fi
can be written as

I QD

I QD~B50!
5~11vn3 /n1,2!

n1,2G1,2
(0)

n1,2G1,2
(0)1n3G3

(0)
. ~6!

In the case of low excitation intensities, when filling of th
QDs can be ignored, the generation rate is given by5,6

G i
(0)5E

0

`

dr2prV i~r !T@V i~r !#. ~7!

Here V i(r ) is the rate of capture of particles into a QD
type i located at distancer andT@a# is the average lifetime
of a particle whose probability of capture into clearly ava
able QDs is equal toa,6

T@a#5E
0

`

dt expH 2at2(
i
E dr2prni@12e2V i (r )t#J .

~8!

In an external magnetic field, the photocarriers are locali
in the planes of the system with the wave function

w0
2~r !5

1

pL2
expS 2

r 2

L2D . ~9!

In this case, the particle capture rate is given by

V i~r !5w0
2~r !v i . ~10!

The relative change in the photoluminescence in a magn
field can be found by successive substitution of Eqs.~7!–
~10! in Eq. ~6!. The final expression is cumbersome and u
suitable for the analysis. To simplify it, we propose appro
mating the wave function in a magnetic field by th
Heaviside unit step function

w0
2~r !'

1

pL2
h~L2r !. ~11!

Then, after successive substitutions, we obtain the follow
expression for the generation rates:

n1,2G1,2
(0)5

B011B02

B
e2B0 /B

3E
0

1

dq expS B011B02

B
q1

B03

B
qvD ,

n3G3
(0)5

B03

B
e2B0 /B

3E
0

1

dq expS B011B02

B
q1/v1

B03

B
qD , ~12!
d

d

tic

-
-

g

whereB0i5p\cni /e. Substituting Eq.~12! in Eq. ~6!, we
obtain the relative change in the QD photoluminescence
tensity as a function of the magnetic field.

The QD photoluminescence intensity, calculated us
Eqs. ~6! and ~12!, is shown in Fig. 3. The best agreeme
with experiments is reached forB011B0252 T and B03

50.18 T, which corresponds to concentrationsn11n2

51011cm22 and n3593109 cm22. Sincen1'n2, we find
n15531010cm22 andn25531010cm22.

4. CONCLUSIONS

We have shown that three types of QDs can develop
structures with InAs QDs grown on disoriented GaAs su
strates~Fig. 1!. Quantum dots formed in the corners of th
terraces~QD-1! and in the centers of the terraces~QD-2!
predominate. Quantum dots located on a single terrace
also coalesce~QD-3!. The relative concentrations of QD-
and QD-2 have been determined by analyzing the shap
the photoluminescence lines. The photoluminescence in
sity of the quantum dots is found to increase in an exter
magnetic field. This effect is explained by suppression
photocarrier trapping in QD-3 quantum dots, which are no
radiative recombination centers. The QD photoluminesce
calculated as a function of magnetic field using a sim
model agrees well with experiment. The QD concentration
determined by analyzing the behavior of the photolumin
cence in a magnetic field.

We thank the Russian Fund for Fundamental Resea
~Grant No. 98-02-18267! and the Ministry of Science of the
Russian Federation~Program on the Physics of Solid-sta
Nanostructures! for financial support.

* !E-mail: George.Astakhov@pop.ioffe.rssi.ru

1L. V. Asryan and R. A. Suris, Semicond. Sci. Technol.11, 554 ~1996!.
2D. Leonard, K. Pond, and P. M. Petroff, Phys. Rev. B50, 11 687~1994!.
3V. P. Evtikhiev, V. E. Tokranov, A. K. Kryzhanovski�, A. M. Bo�ko,
R. A. Suris, A. N. Titkov, A. Nakamura, and M. Ichida, Fiz. Tekh. Pol
provodn.32~7!, 860 ~1998! @Semiconductors32, 765 ~1998!#.

4D. G. Vasil’ev, V. P. Evtikhiev, V. E. Tokranov, I. V. Kudryashov, an
V. P. Kochereshko, Fiz. Tverd. Tela~St. Petersburg! 40~5!, 855 ~1998!
@Phys. Solid State40, 762 ~1998!#.

5G. V. Astakhov, A. A. Kiselev, V. P. Kocheresko, M. M. Moiseeva, an
A. V. Platonov, Semicond. Sci. Technol.13~14!, ~1999!.

6A. A. Kiselev, Fiz. Tekh. Poluprovodn.32~5!, 564 ~1998! @Semiconduc-
tors 32, 504 ~1998!#.

Translated by D. H. McNeill



SEMICONDUCTORS VOLUME 33, NUMBER 9 SEPTEMBER 1999
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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted March 1, 1999; accepted for publication March 2, 1999!
Fiz. Tekh. Poluprovodn.33, 1088–1092~September 1999!

A reduction in the emission wavelength in the preferred mode of InAsSbP/InAsSb/InAsSbP
heterostructure lasers by 50 Å 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 experiment. ©1999
American Institute of Physics.@S1063-7826~99!01609-9#
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1. INTRODUCTION

Current tuneable semiconductor lasers emitting at wa
lengths nearl53.3mm are of interest for high-resolutio
diode laser spectroscopy because characteristic absor
lines of natural and industrial gases such as methane,
pane, ethylene, benzene, etc. lie in this region. These la
can be used in fast instrumentation for active environme
monitoring to determine the composition and concentrat
of pollutants, as well as in medical diagnostics and indus
for precision control of technological processes.

In earlier papers1–3 only thermal tuning of the emissio
wavelength due to heating of the active medium during
current pulse has been discussed.

This paper is a continuation of our studies of smoo
current tuning of the output wavelength of double hete
structure lasers4–7 with an InAsSb active region surrounde
by layers of InAsSbP and represents a new concept in l
wavelength tuning by nonlinear optical effects.

2. EXPERIMENTAL TECHNIQUE

Laser diodes based on doubleN-InAs0.48Sb0.17P0.35/
n-InAs0.95Sb0.05/P-InAs0.48Sb0.17P0.35 heterostructures~Fig.
1! were grown by liquid-phase epitaxy on an InAs substr
with a thicknessh5100mm and a hole concentration o
(528)31018cm23. The thickness of the active region of th
laser was;1 mm and that of the wide-gap emitters,;3 mm.
The active region was intentionally not doped, and the e
tron concentration in it was;1016cm23. The N-InAsSbP
layer was doped with Sn to an electron concentration
n'131018cm23 and theP-InAsSbP layer was doped wit
Zn to a hole concentration ofp.(225)31018cm23.

A mesa-strip of widthb.16mm was formed on the
grown structures by photolithography. Fabry–Perot cavi
with lengths ofL52502375mm were obtained by cleaving
The width of the laser structure in the substrate region w
c.500mm.
9911063-7826/99/33(9)/5/$15.00
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These studies were done at liquid-nitrogen tempera
in a continuous operating mode with the laser powered
short current pulses of duration 0.04 ms with a recipro
duty factor of 100, sawtooth pulses with a repetition ra
ranging from 102 to 104 Hz, and square pulses with a recip
rocal duty factor of 2~meander! and a repetition rate o
36 Hz.

3. EXPERIMENTAL RESULTS

We studied the current (I ) dependence of the cohere
emission spectra and directional diagrams of lasers with
ferent current supplies. The measurements were done ov
wide range of currents between 1 and 4 times threshold.
threshold current for the best samples wasI th530235 mA.
The lasers that were tested usually had a single spectral m
for currents of (1.123)I th , while a different mode predomi
nated at higher currents~Fig. 2!. The same mode compos
tion was observed with the various power supply variant

Figure 3 shows the output wavelength as a function
the pump current for the different power supply variants:
meander, sawtooth, and short current pulses. Thel(I )
curves behave similarly for the different supply variants.
low currents,I ,1.81I th , there is a slight shift of the wave
length to longer wavelengths, by less than 10 Å; with furth
increases in the current, there is a smooth shift to sho
wavelengths by a substantially larger amount. The maxim
shift in the mode toward shorter wavelengths was;50 Å.
For currents above 3I th , the slope of thel(I ) curve de-
creases and the spectrum ceases to be single-mode; for
rents I .4I th , the emission wavelength ceases to chan
with current at all. This consistence of the spectral char
teristics for the different supply variants indicates that t
active region is not heated during the current pulse. T
shorter wavelength modes~than the predominant mode!,
which show up whenI .3I th , shift with the current in the
same way as the predominant mode. We have already
© 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 widthEg along thez axis, c — design of the
mesa-strip diode laser.

FIG. 2. Emission spectra of the V12152-71 laser for different currents p
ered by short pulses of duration 0.04 ms.
served such a large short wavelength shift of the mode w
rising current in similar lasers with a strip width of 10mm.6,7

Figure 4 shows the spatial~with respect to the angleu)
distribution of the laser output intensity. The smooth curv
are experimental data and the dashed curves are theore
calculations. At low currents~near I th), the directional dia-
gram corresponds to a single longitudinal mode with ab
10% additional emission in transverse modes. As the cur
is raised to 2I th , the half-width of the directional diagram
increases to 20° and the pedestal extends to 35240° in the
wings. This is explained by amplification of the transver
modes, whose contribution increases further when the
rent is raised toI 53I th . A first-order transverse mode wa
also observed7 in the output of the laser with a strip width o
10mm, mentioned above, whenI .4I th .

4. DISCUSSION OF EXPERIMENTAL RESULTS

A comparison of the spectral and spatial distribution
the radiation as functions of current shows that the strong
retuning of the wavelength occurs at currents where outpu
generated in both longitudinal and transverse modes, with
intensity that falls off with mode number.

Let us consider the shift in the wavelength of the p
dominant mode together with the variation in the direction
diagram with current. For currentsI ,1.81I th the radiation is
concentrated mainly in a single longitudinal spatial mo
-

FIG. 3. Emission wavelength of the V12152-71 laser as a function of c
rent when the sample is powered by dc~1!, short pulses~2!, sawtooth pulses
~3!, and meander~4!.
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~Fig. 4a!. Here nonequilibrium charge carriers are ‘‘bur
out’’ in the center of the active region, their concentrati
falls off somewhat, and, according to our calculations,8 this
leads to an increase in the propagation constant«̃ of the
electromagnetic wave and, therefore, to a shift in the ou
wavelengthl to longer wavelengths.

As the current is increased further (I .2I th), the side
lobes in the directional diagram of the output increase~Figs.
4b and 4c! and it can be assumed that nonequilibrium curr
carriers accumulate at the edges of the strip because of
surface recombination and the low intensity of the laser lig
this creates conditions for the generation of transve
modes. Increasing the carrier concentration in the strip
duces the propagation constant«̃ of the electromagnetic
wave and, therefore, reduces the wavelengthl.

There is yet another reason for buildup of charge at
edges of the strip besides low surface recombination. I
hidden in the inhomogeneity of the pumping by the curr
in the region of the strip. Because of the large difference
area between the substrate~its width c.500mm! and the
strip ~its width b.16mm! ~Fig. 1!, the current density at the
edges of the strip is very much higher than in its center,
this causes buildup of nonequilibrium charge carriers
jected from the substrate, an associated reduction in the

FIG. 4. Spatial distribution of the far-field emission from laser V12152
The smooth curves are experimental plots and the dashed curves are
lated for the case of a cosine distribution of the amplitude of the elec
magnetic wave at the cavity mirror~a! and for wave packets withay051
anda50.23104 cm21 ~b! anda50.33104 cm21 ~c!. I /I th : a — 1.1, b —
2, c — 3.
ut

t
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fractive index, the appearance of lateral optical clipping, a
the generation of transverse spatial modes.

We now examine a mathematical model of the effect
the nonlinearity of an optical medium on the propagati
constant«̃ of an electromagnetic wave that takes into a
count the pumping inhomogeneity over the strip width due
a voltage drop in the depth of the substrate.

We have shown8 that the Helmholtz wave equation fo
the amplitudeu of an electromagnetic wave, averaged ov
the cavity length and in the absence of any spreading
charge carriers in the active region, has the form

S l

2p D 2 d2u

dy2
1~« i2 «̃ !u1d«0

i 11

11btNF
u50, ~1!

wherey is the coordinate along the cavity length,l is the
vacuum wavelength,« i is the dielectric permittivity at the
inversion threshold,«̃ is the propagation constant of the ele
tromagnetic wave,d«0 is the change in the dielectric permi
tivity when the excitation level is increased from the inve
sion threshold to the lasing threshold,i 5(Gt2Nth)/(Nth

2N0) is the relative excess in the pumping density abo
threshold,b is the differential gain coefficient,t is the spon-
taneous lifetime of the charge carriers,NF is the photon
concentration,G is the volume pump density, andNth andN0

are the charge carrier concentrations at the lasing and in
sion thresholds, respectively.

The distribution of the current over the width of the str
has been calculated9 by conformal mapping for the case o
an infinite laser width c. We used the transformatio
w5sinz and obtain a solution for a laser of finite width. Th
calculations showed that the current density increases ne
quadratically toward the edges of a mesastructure. It sho
be noted that this solution is true in the case where the s
strate resistance exceeds the differential resistance of
p2n-junction. By conformal mapping we obtained the fo
lowing expression for the substrate resistance:

Rs5
ln~4h/b!

sL~p/222h/c!
, ~2!

where s and h are the conductivity and thickness of th
substrate, respectively.

In our lasersRs is commensurate with the differentia
resistance of thep2n-junction of the laser in the stimulation
regime. During the transition to the lasing regime, the diff
ential resistance of the laser decreases sharply and bec
much less than the substrate resistance. Thus, we assum
the pumping at the edge of the strip rises compared to
middle only in the lasing regime. Then the relative excess
the pumping density above threshold,i, can be expressed a
a function of the coordinate along the width of the strip b

i 5 i 0F11kS 2y

b D 2G , ~3!

where i 0 is the pump density at the center of the strip, a
k5(c/2h)21 is a coefficient which depends on the ratio
the width of the substrate to its thickness and is;1.5 in our
case. This value ofk yields a ratio of the current densities
the edges and center of the strip of;2.5.

.
lcu-
-
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Let us assume that many spatial modes are generate
that the emission intensity is roughly the same over the w
of the strip and is specified by the pumping at its center,i 0.
The pumping at the edges of the strip is expended mainl
raising the concentration of nonequilibrium carriers a
spontaneous emission. As a result, we havebtNF5 i 0. Now
the wave equation~1! takes the form of the linear harmon
oscillator equation

2S l

2p D 2 d2u

dy2
1

1

2
2~2d«0!

i 0

11 i 0
kS 2

bD 2

y2u5~« th2 «̃ !u,

~4!

where« th is the dielectric permittivity at the lasing threshol
Its solution can be written in the form of a sum of th
eigenfunctions10

un5NnHne2a2y2/2, ~5!

where n is an integer 0,1,2,. . . ; n50 corresponds to the
longitudinal mode,n51 to the first transverse mode, etc.;

Nn5S a

Ap2nD 1/2

,

Hn5~21!nej2 ]n

]jn
e2j2

, j5ay,

a25
4p

lb
A~2d«0!k

i 0

11 i 0
.

A preliminary estimate ofa in our lasers forl53.3mm,
b516mm, d«0520.04 and i 051 gives 0.23104 cm21.
Only the longitudinal and first transverse modes can
within the confines of the active region for these values ofa.

The propagation constant of the electromagnetic w
along the cavity,«̃, depends on the quantum numbern, on i 0

and, therefore, on the current,

«̃n5« th2S n1
1

2D 2l

pb
A~2d«0!

i 0k

11 i 0
. ~6!

The propagation constant«̃n decreases sublinearly as th
current rises and approaches saturation, in qualitative ag
ment with experiment.

At the same time, the general solution of the Schro¨dinger
equation for a linear harmonic oscillator has the form o
minimizing wave packet oscillating around the coordina
origin. The wave packet10 corresponds to the wave numbe

n0'
1

2
~ay0!2, ~7!

where y0 is the deviation of the center of gravity of th
packet from the coordinate origin. For our values ofa, only
the longitudinal and first transverse modes of the linear h
monic oscillator lie within the confines of the strip. Thus,y0

corresponds to the position of the maximum of the first tra
verse mode, for whichay051. Equation~7! yieldsn051/2.
The directional diagrams for wave packets withay051 are
shown in Figs. 4b and 4c fora50.23104 and 0.33104
so
h

in

e

e

e-

r-

-

cm21, respectively. They give a lower emission intensity
the edges than observed experimentally. This difference m
be explained by the simplifications in our calculations or
the independent generation of higher-order transverse mo

It should be noted that this solution is valid for curren
that ensure localization of the wave through an enhan
charge carrier concentration at the edges of the strip as
current rises. This corresponds to the condition 1/2(ab/2)2

.1. Then the minimum current at which the solution will b
valid is given by

i 0,min5Fk~2d«0!S bp

2l D 2

21G21

. ~8!

At lower currents, the solution is more complicated.
In our lasers, withk51.5, d«0520.04, l53.3mm,

andb516mm we obtain a minimum relative excess pum
ing above threshold,i 0,min50.4, in the middle of the strip.
The condition i 0,min→` yields a minimum strip width for
containment of a wave of

bmin5
2l

pA~2d«0!k
, ~9!

which is of orderbmin59mm for our structures.
The maximum reduction in the propagation constant o

wave packet asi 0 increases from 0 tò is given by

D«̃max5S n01
1

2D 2l

pb
A~2d«0!k ~10!

and for n051/2, D«̃max50.032. We find the correspondin
reduction in the laser wavelength using the formula

Dl5
D«̃l

2«
. ~11!

The calculated value of the maximum reduction in the wa
length due to nonuniform inflow of current into the strip
from the substrate isDlmax541 Å for our lasers, or only
22% less than the experimentally determined 50 Å. Howev
it should be pointed out again that not all orders of spa
modes show up in our samples, but primarily the longitu
nal and first transverse mode. Because of this circumsta
the emission intensity near the edges of the strip is low
than in the center, which further increases the carrier conc
tration at the edges of the strip. In the first approximation,
coefficient k thus increases by 1, andDlmax increases by
30%. Thus, we can say that there is agreement betw
theory and experiment.

CONCLUSIONS

In the lasers based on InAsSb/InAsSbP solid solutio
that we have studied, the emission wavelength retunes w
the current is changed. The overall shift in the spectral po
tion of the mode to shorter wavelengths was;50 Å. Since
the retuning was the same for different ways of powering
samples, we may assume that there was negligible heatin
the laser during a current pulse. The directional diagram c
tained one longitudinal mode, which was supplemented
transverse modes as the current was increased. The stro
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retuning toward shorter output wavelengths occurred at th
currents for which transverse modes were present.

A relationship between the propagation constant of
electromagnetic wave and the current has been establi
theoretically for the case of nonuniform injection of noneq
librium current carriers along the width of a strip due to lar
differences over the area of the strip and substrate. T
analysis also took into account the generation of many s
tial modes. Good agreement has been obtained betwee
experimental data and the calculations.
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a grant from the Program on Optics and Laser Physics of
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The photoluminescence spectra of type-II 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 interfaces. ©1999 American Institute of
Physics.@S1063-7826~99!01709-3#
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Several papers on the study of in-plane optical anis
ropy of heterostructures with no common atom at the in
faces such as InAs/GaSb and~InGa!/InP have recently been
published.1–3 The optical anisotropy is attributed to a lowe
compared with the interior volume, symmetry of an isolat
interface between two semiconductors with zinc blen
structure. In heterostructures with a common atom at
interfaces, for example, AlAs/GaAs, the interfaces in a qu
tum well ~QW! transform into one another under a rotati
by 90° and a mirror reflection in the well plane. This i
creases the general symmetry of the structure toD2d . For
structures with no common atom at the interface, the in
face consists of two atomic layers — anionic and cation
There are therefore four different combinations of direct a
inverse interfaces~for example, for InAs/GaSb the combina
tions are GaAs–GaAs, InSb–InSb, GaAs–InSb, and InS
GaAs!. For identical interfaces the general symmetry of t
structure remainsD2d , just as for QWs with a common
atom, and no optical in-plane anisotropy arises. At the sa
time, for QWs with different interfaces a transformatio
which transforms interfaces into one another does not e
and the general symmetry of the system is lowered toC2v ,
for which polarization anisotropy is now possible. Micr
scopically, the appearance of such anisotropy can be at
uted to mixing of the light and heavy holes under norm
incidence at the interface, as predicted in Ref. 4. Experim
tally, such anisotropy was first observed by Voisin1 for struc-
tures with quantum wells based on III–V semiconductors

In this paper we present the results of an experime
study of this effect for type-II ZnSe/BeTe quantum wel
This system is chosen because the spatially indirect excit
transition can be strongly tied to an interface and thereby
more sensitive to the interfacial properties.

The samples were grown by molecular-beam epitaxy
a GaAs~100! substrate. The types of interfaces were mo
tored during growth. Three types of ZnSe/BeTe~100/50! Å
9961063-7826/99/33(9)/3/$15.00
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3 20 superlattices with ZnTe–ZnTe, BeSe–BeSe, a
BeSe–ZnTe interfaces were investigated.

The unpolarized photoluminescence~PL! spectra of such
superlattices have been investigated in Refs. 5 and 6. T
excitonic resonances with energies of the order of 2.8 and
eV appear in the PL spectra. These resonances are due
spatially direct exciton in ZnSe and an indirect exciton w
a hole localized in the BeTe layer and an electron in
ZnSe layer.

We measured the degree of polarization of the PL sp
tra in the temperature range 6–70 K. Both linear and circu
polarizations of the PL were investigated. A 441.6-n
He–Cd laser was used for excitation; this is only negligib
higher than the energy of a direct exciton in ZnSe. Linea
polarized, circularly polarized, and unpolarized excitatio
were used.

It was observed that irrespective of the excitation pol
ization, the photoluminescence signal of the indirect exci
is linearly polarized along the@11̄0# axis. The degree of po
larization depends strongly on the types of interfaces. Fo
structure with nominally equivalent ZnTe–ZnTe interfaces
does not exceed 50% and for BeSe–BeSe it does not ex
15%, while the polarization reaches 70% and higher for
nonequivalent pair BeSe–ZnTe~Fig. 1!.

In the theoretical studies3,4 the effective-mass metho
with boundary conditions of a special form was used to
scribe interfacial mixing of light and heavy holes. It wa
shown that for typical III–V type-I heterostructures the d
gree of polarization does not exceed 20%. In the experim
tal studies, the same effect reaches 40% for the same s
tures. Therefore the effect is much stronger in structures
our type than in previously investigated structures.

Such a large enhancement of the effect could be attrib
ted to a strong localization of a spatially indirect exciton
the interface. The possibility of an exciton being localiz
near an interface in these structures was already pointed
© 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 ZnSe/BeTe~100 Å /50 Å! 3 20 periods
with different types of interfaces: a —~BeSe!–~ZnTe!; b — ~ZnTe!–~ZnTe!; c — ~BeSe!–~BeSe!. The excitation light is linearly polarized in the@100#
direction.
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in Ref. 7 on the basis of an analysis of the photolumin
cence spectra with a high level of excitation. In Ref. 8 it w
indicated on the basis of secondary-electron emission
band bending near a heterojunction is a possible localiza
mechanism. To check this conjecture we investigated sh
period superlattices~SLs! ZnSe/BeTe 40/20 Å . Localization
should be much weaker in such a superlattice because
quantum-well energy of the hole is higher and, as a res
the hole wave function should be smeared over the en
well. We did not observe measurable linear polarization
photoluminescence for such short-period SLs for any com
nation of interfaces.

It follows from symmetry considerations that the
should be no linear polarization in an ideal structure w
equivalent interfaces. However, we observed quite str
linear polarization in our test samples. The reason could
that in real structures the direct and inverse interfaces
different. Such nonequivalence is due to the large differe
in the chemical activity of Be with respect to Zn and Se w
respect to Te. The high chemical activity of Be degrades
quality of both interfaces grown on a BeTe layer as co
pared with growth on a ZnSe layer. Low interfacial qual
leads to an increase in nonradiative recombination. Con
quently, the direct and inverse interfaces make different c
tributions to the total signal. In turn, this makes possi
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FIG. 2. Degree of polarization of PL versus the temperature, along
principal axes of a structure for the superlattice ZnSe/BeTe~100 Å /50 Å! 3
20 with asymmetric interfaces~BeSe!–~ZnTe!.
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linear polarization of PL for other structures with nomina
equivalent interfaces. A built-in electric field, present b
cause of band bending, as previously indicated, could
another reason for symmetry lowering.3

Figure 2 shows the temperature dependence of the
spectra. It is evident from the figure that in the temperat
range considered here the degree of linear polarization
mains the same and only the signal amplitude decrea
This behavior indicates that the polarization of PL is cau
not by thermalization between two weakly split levels, b
rather by the difference in the transition probabilities b
tween the@110# and @11̄0# orientations. This makes it pos
sible to compare our results directly with the results obtain
by other authors using absorption spectroscopy. Moreo
this makes it possible to rule out the influence of states
calized on interfacial defects~for example, well-width fluc-
tuations!, which can be strongly polarized because of t
geometry of the defects. If the contribution of these state
the polarization signal were the determining contributio
then we would have observed a decrease in the genera
larization of the signal with increasing temperature and c
rier delocalization.

In summary, we have reported the results of an exp
mental study of PL spectra for type-II superlattices ZnS
BeTe. We found that the PL signal from a spatially indire
transition is strongly polarized in the@11̄0# direction. We
showed that the effect is attributable to the general in-pl
anisotropy of heterostructures with no common atom at
-
e

L
e
e-
es.
d
t
-

d
r,
-

e
to
,
o-

r-

i-
/
t

e
e

interface. The large magnitude of the effect can be explai
by strong hole localization at interfaces in type-II structur
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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 Physics.@S1063-7826~99!01809-8#
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In modern semiconductor physics there are now t
very rapidly developing directions of work 1! changing the
properties of a material by modifying the geometric dime
sions of the structures, i.e., the physics of nanostructures,
2! the development and study of new semiconductor mat
als.

Important work in the second direction involves th
study of wide-gap semiconductors. The potential possibili
of wide-gap materials for creating semiconductor devi
were analyzed a long time ago.1–3 Band gaps larger than in
Si and GaAs give these materials the following advantag

d a larger operating temperature range;
d ability to construct visible-range, light-emitting

devices based on these materials;
d high critical breakdown fields (Ecr);
d high radiation resistance.
As we know, special quality criteria — figures of mer

~fm! calculated using the basic physicochemical propertie
a semiconductor — have been proposed for comprehen
accounting of the possibilities of a semiconductor materi

Johnson1 has proposed to use the product ofEcr and the
saturation rateVsat as a figure of merit JM, which determine
the operating limit of a conventional transisto
JM5(EcrVsat/p)2. Later, the following criterion was de
fined: KM 5l(Vsat/«)1/2 ~« — permittivity of the semicon-
ductor,l — thermal conductivity!, where the switching rate
of a transistor operating as a logic element of a computer
taken into account.4 Baliga5 has proposed yet another figu
of merit BM for evaluating a semiconductor material. It
related to the operating losses of high-power field-effect tr
sistors: BM 5m«Ecr

3 ~m — mobility of current carriers!.
However, this criterion was associated primarily with ohm
losses and was used to assess the possibilities of a sem
ductor from the standpoint of low-frequency devices. F
assessment of high-frequency devices, losses associated
switchings must also be examined. The criterion BH5mEcr

2 ,
based on the assumption that losses due to switchings
caused by the recharging input capacitance of a device,
proposed in Ref. 6. Other important parameters for selec
materials for high-powered devices are the thermal prop
ties of a semiconductor. A figure of merit which takes in
account these properties has been proposed in Ref
QF15lm«Ecr

3 .
9991063-7826/99/33(9)/3/$15.00
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Published data on the average values of the parame
of silicon carbide, which are used to calculate the figures
merit listed above, are presented in Table I.

The computed relative values of five figure-of-merit~fm!
parameters for 6H- and 4H-SiC, Si, GaAs, GaP, GaN, AlN
and diamond are presented in Table II. In the calculation
values of the parameters for Si were taken as the uni
measurement. Table II also indicates whether a given se
conductor is a direct- or indirect-gap semiconductor a
whether a large-diameter substrate consisting of the s
material is present~1! or absent~2!. The first factor largely
determines the application of a given material for optoel
tronic devices. The second factor determines the applica
possibilities of the scientific results in commercial produ
tion. As one can see from the tables, silicon carbide is be
than Si, GaAs, and GaP with respect to all criteria conside
by us. At the same time, GaN and AlN are better than SiC
terms of several parameters. Afterp–n structures and then
LEDs and GaN-based lasers were developed,8 GaN was
found to be unequaled for optoelectronic devices based
wide-gap materials. GaN is also a strong competitor for s
con carbide in creating field-effect transistors.9 However,
GaN and AlN so far do not have substrates made of the s
material; they are grown by heteroepitaxy using substra
consisting of other materials, including silicon carbide.6,10

This leads to a very high dislocation density in the film
(.107 cm22), which for now limits the application of thes

TABLE I. The basic parameters of some semiconductors.

Parameter

Eg , Ecr Vsat, l, mp , mn ,
Material eV 106 V/cm 107 cm/s W/~cm•K! cm2/(V•s) cm2/(V•s)

Si 1.1 0.3 1 1.5 600 1500
GaAs 1.43 0.6 1 0.45 400 8500
GaP 2.2 0.5 1.5 0.7 150 250
4H-SiC 3.2 3 2 4.9 50 1000
GaN 3.45 .1 2.2 1.3 850 1250
Diamond 5.45 10 2.7 22 1600 2200
AlN 6.2 ? ? 2 14 ?

Note: mp andmn — hole and electron mobilities, respectively;Eg — band
gap.
© 1999 American Institute of Physics
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TABLE II. The values of normalized figures of merit and a number of other parameters for ce
semiconductors.1,2.

Material
JM 5

(EcrVsat/p)2
KM 5

l(Vsat/«)1/2
BM 5

«mEcr
3

BH 5

mEcr
2

QF15

l«mEcr
3

Toper,
K

TD ,
K

Band-gap
structure

Existence of a
like substrate
with diameter

>1 inch

Si 1 1 1 1 1 410 645 Indirect 1

GaAs 11 0.45 28 16 9.4 570 344 Indirect 1

GaP 37 0.73 16 3.8 9.4 800 445 Indirect 1

6H-SiC 260 5.1 90 13 300 1200 1200 Indirect 1

4H-SiC 410 5.1 290 34 950 1230 1200 Indirect 1

GaN 790 1.8 910 100 910 1250 600 Direct 2

Diamond 5330 31 14860 1080 198100 2100 1860 Indirect 2

AlN 5120 2.6 390 14 660 2100 747 Indirect 2

Note: Toper — operating temperature,TD — Debye temperature.
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materials for high-power semiconductor devices. Moreov
as shown in Refs. 1 and 11, for wide-gap semiconductors
Debye temperatureTD , which determines the limit of ther
mal stability of a semiconductor, should be considered
par with the maximum operating temperatureToper, which is
determined by the band gap of the material. IfTD,Toper, the
maximum working temperature decreases. As one can
from Fig. 1 and Table II, with respect toTD and Toper the
semiconductors GaN and AlN are not as good as SiC.

Diamond is superior with respect to the figures of me
and the maximum operating temperatures. However, for n
it is impossible to obtain single-crystal diamond layers
heteroepitaxy, and diamond substrates have a small area
are rather expensive.12 Moreover, there are definite difficul
ties in obtaining high-qualityp–n structures for diamond.

In the last decade the full potential application of silic
carbide has been realized. The maximum values of the
rameters obtained for certain types of semiconductor dev
are presented in Table III. The first industrially produc
SiC-based devices were blue LEDs. However, after hi
quality GaN-basedp–n structures were produced GaN too
the leading position in the development of optoelectro
devices.

Single-crystal SiC substrates are now produced comm
cially. They are used for growing SiC itself and for he

FIG. 1. Debye temperatureTD and maximum operating temperatureToper

versus the band gap for certain semiconductors.
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eroepitaxy of GaN. In contrast with growth on sapphire, t
smaller lattice mismatch and closer match of thermal exp
sion coefficients make it possible to obtain structurally mo
perfect epitaxial GaN layers based on SiC.18 Moreover, a
conducting SiC substrate makes it possible to use a ver
device geometry, which greatly simplifies the technology

One of the main problems in producing SiC-based se
conductor devices is the low quality of single-crystal su
strates. The dislocation density in commercially produc
~CREE Inc., USA! substrates is 1032105 cm22, and they
contain extended micropipes. The existence of such def
limits the operating area of the devices produced. For hi
frequency transistors this deficiency is not so limiting a
devices of this type based on SiC can operate in the gigah
range, and, with respect to their parameters, they are es
tially at least as good as Si- and GaAs-based transistors.16 At
the same time, even though it has no material advanta
from the standpoint of the breakdown voltage, carrier mob
ity, and drift saturation rate, GaN makes it possible to obt
heterostructures based on the solid solutions AlGaN–G
with a two-dimensional electron gas. However, because
the large number of polytypes, SiC also has great poten
possibilities from the standpoint of producing heteroepitax
structures. Thus it is difficult to say right now which of th
wide-gap material will be the main material in the future f
producing microwave-range devices. According to asse
ments by specialists, by the year 2000 SiC-based field-ef
transistors will be used in commercially produce
electronics.19

The high defect density in substrates and epitaxial lay

TABLE III. The parameters of certain devices based on SiC.

Device type Parameters and references

Schottky diode Ubr53 ~Ref. 3!
Diode Ubr55.5 ~Ref. 14!
Thyristor Us5700, I max51.5 ~Ref. 15!
MESFET f max540, Wmax53.3 ~Ref. 16!
MOSFET Ubr52.6 ~Ref. 17!

Note: Ubr — maximum operating voltage,Us — switching voltage,I max —
maximum operating current,f max — maximum operating frequency,Wmax

— maximum power level.
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of SiC is still one of the main limiting factors for the deve
opment of high-power devices. The maximum breakdo
voltages, on the order of or greater than 1 kV, generally h
been attained forp–n structures with a diameter on the ord
of 100 mm. The small working areas made it impossible
obtain on the basis of such devices substantial dc curr
and, correspondingly, it is difficult to call such devices hi
power-level devices.

The advancement of the technology for growing su
strates gives hope that in the future it will be possible
decrease the defect density in substrates substantially a
obtain device structures with reasonable dimensions. Bes
improving the technology for volume growth of SiC, variou
alternative variants for increasing the structural perfection
substrates are being developed. One such variant is a me
of treating substrates by liquid-phase epitaxy.20 As a result, a
buffer layer grows and the defects present in the substrate
buried. Thus, after treatment in melt an epitaxial layer w
obtained on the basis of a commercially produced subst
by sublimation epitaxy, and Schottky diodes based on it p
sessed breakdown voltages up to 100 V and an are
8 mm2 ~Ref. 21!.

In addition, it should be noted that epitaxial layers
SiC obtained by sublimation epitaxy are themselves m
heat- and radiation-resistant than layers obtained
CVD.22,23Recently24,25interest has reappeared in this grow
method, which was proposed at A. F. Ioffe Physicotechn
Institute of the Russian Academy of Sciences26 and tradition-
ally used here. We note that in our laboratory the method
sublimation epitaxy has been used to obtain diode struct
with breakdown voltages on the order of 500 V and a wo
ing area of 2 mm2.
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