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Capacitance-voltage profile in a structure with negative differential capacitance
caused by the presence of InAsÕGaAs self-assembled quantum dots
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The application of the usual expressions to calculate the capacitance-voltage~CV! profiles in samples with
quantum dots gives erroneous results, mainly due to the presence of the characteristic negative differential
capacitance of a system with dimensionality lower than 2. We developed a simple electrostatic model to
calculate the CV profiles in these systems, and we applied it to a sample with an InAs self-assembled quantum
dots system in order to obtain informations about the structure of the dots. As a result, the local distribution of
electrons in the quantum dots~CV profile! was obtained.
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I. INTRODUCTION

It is well known that the capacitance measurements i
semiconductor heterostructure show some particular cha
teristics that are related to the carriers confinement.1–3 In this
way, the analysis of the capacitance is a very powerful te
nique that can be used in order to obtain the concentra
and distribution of carriers, band offsets,3 density of states4

and other structural and electronic parameters of the se
conductors. In homogeneously doped bulk semicondu
the capacitance determines the doping concentration (NCV)
as a function of the distance~w! from the semiconducto
surface, as established by the following equations:

NCV~w!5
C3

qS«s
S dC

dVD 21

~1!

w5
«s

C
S, ~2!

whereC is the system capacitance,S is the device area, an
the other symbols have their usual meanings. The ab
equations characterize the capacitance voltage~CV! profile,
giving the density of carriers along the direction of the a
plied electric field. As pointed out by Kreher5 the above
equations are based on the well-defined local relation
tween electric potential~solution of the Poisson’s equation!
and the carrier’s statistics. In other words, this means that
space charge region~depletion region! is gradually depleted
as a function of the applied voltage: at each voltage ste
number of carriers gets out of the depletion region yieldin
variation of the total charge in the semiconductor, which
measured by the capacitance. If the doping concentra
profile is not constant, theNCV does not reflect directly the
doping distribution, but rather the carrier distribution
shown by Johnson and Panousis.6 Therefore, the measure
capacitance is naturally limited by the screening length of
electronic system~Debye screening in a nondegenerate se
conductor or Thomas-Fermi screening in a degenerate c!.
PRB 610163-1829/2000/61~8!/5499~6!/$15.00
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In the systems with band-gap variations such as het
structures, where quantum effects must be considered,
capacitance is caused by two distinct contributions: a thr
dimensional capacitance due to the electronic distribution
the volume around the quantum region and the capacita
due to the quantum confined electrons. When we mea
the capacitance of these structures, the fundamental con
~for the bulk! of the gradual depletion of the space-char
region caused by the variation of the applied bias is not va
because the confined electronic gas moves as a whole
tem, changing its shape and density. More generally,
quantum contribution to the total capacitance is a direct c
sequence of the characteristical density of states and its
cupation at a given temperature.

The above description is general and it can be used
order to describe the capacitance behavior for any struc
with quantum confinement. However, the use of Eqs.~1! and
~2! in these systems is only possible if the contribution of t
regions with charge confinement is smaller than the con
bution of the surrounding regions, because the equat
which determine the CV profile were obtained for bulk stru
tures.

In this work, our attention was focused in a structure w
self-assembled InAs quantum dots producing a ze
dimensional confinement, where quantum effects are cle
observed. In this case, the direct application of Eqs.~1! and
~2! is not indicated because the contribution of the quant
dots dominates. The presence of the zero-dimensional e
tron confinement is evidenced at low temperatures~when
e2/Cdots@kT, where Cdots is the self-capacitance of th
dots! by the peculiar characteristics of the capacitan
voltage curves, such as the negative differential capacita
As it was mentioned above, neither the spatial localizat
~along the growth axis! of the confined charges, nor othe
structural parameter which characterize the electronic dis
bution can be obtained by the conventional CV profi
method in the quantum dots system. Thus, we presen
simple electrostatic approximation based on the solution
the Poisson equation and the superposition principle in o
to obtain the CV profile even in the presence of the nega
5499 ©2000 The American Physical Society
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differential capacitance. More detailed aspects are give
the next section where we describe the model and the s
ture of the studied samples. In Sec. III, we will discuss
obtained results.

II. SAMPLE STRUCTURE AND METHOD

A. Samples

The samples used in this study were grown in a MEC
2000 molecular-beam epitaxy system on a~100! GaAs
highly doped substrate; the structure is based in a plane
taining InAs self-assembled dots embedded in a me
insulator-semiconductor-field-effect-transistor~MISFET! de-
vice similar to the one proposed and used in Ref. 4. After
oxide desorption, a 100-nm-thick GaAs buffer layer dop
with Si was grown atT5580 °C; then, ten periods of a S
doped (GaAs)10(AlAs) 5 superlattice were deposited fo
lowed by ad525 nm undoped GaAs layer~tunneling bar-
rier!. The substrate temperature was reduced to 450 °C
the InAs layer with a nominal thickness 2.3 ML was grow
The process of the dots formation was monitored by refl
tion high-energy electron diffraction~RHEED! oscilations:
the transition from a streaked to a spotty RHEED patte
indicating the formation of three-dimensional islands, w
observed after the deposition of 1.8-ML-thick InAs. Th
growth was interrupted for 30 sec after the deposition of
nominal thickness of InAs. Then, an undoped GaAs sepa
ing layer ~25 nm! was grown atT5580 °C followed by an
undoped GaAs/AlAs (1 nm/3 nm,dSL5120 nm) super-
lattice. This superlattice was included in order to increase
sample impedance and thus, to allow us to extend the vol
range applied to the sample. Finally, the structure w
capped with a 5 nmGaAs layer grown at 580 °C to preven
surface oxidation. During the growth, the fluxes of InAs a
GaAs were fixed at 0.1 and 0.35 ML/s respectively, wh
PAs5531026 Pa. The total thickness of the samples w
t5175 nm. For the Schottky diode construction, we fab
cated a conventional Ohmic contact on the substrate with
AuGeNi alloy annealed at 450 °C for 120 s; the Schot
contact was formed by the deposition of a 200 nm alumin
layer with 500 mm diameter. Figure 1 shows a sketch of t
conduction band bottom of our samples with a bias app
to the Schottky contact.

The capacitance-voltage curves were obtained from
mittance measurements that were carried out using a s
dard lock-in technique~with a SR530 Stanford lock-in am
plifier!. The samples were mounted in a variable tempera
cryostat coupled with the measurement system; the
curves were measured at a fixed frequency (f 5100 kHz) in
the temperature range from 8 to 300 K.

Before the Schottky diode construction, photolumine
cence~PL! measurements were carried out atT517 K. The
corresponding photoluminescence spectrum is shown in
2. The PL spectrum shows two peaks: the electron-hole
combination in the InAs dots is responsible for the peak
E51.24 eV with aDE5111.2 meV energy broadening a
obtained by a Gaussian fit. The energyE51.24 eV corre-
sponds to an electron level located at 80 meV below
conduction band of GaAs as it was calculated using the
continuity energy for the conduction bandDECB50.85
3(EGaAs2EInAs). The other peak atE51.51 eV is associ-
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ated with the luminescence of the bulk GaAs. The broad
ing energy value determined in our PL measurements i
accordance with the previously reported values of t
parameter.7,8

The capacitance-voltage curve of the structure under
vestigation measured atT58 K is plotted in the inset of Fig.

FIG. 1. Bottom of the conduction band for the InAs/GaAs se
assembled quantum dots used in this work.Ldots is the position of
the layers with quantum dots andw is the width of the depletion
region.

FIG. 2. PL spectrum obtained for the sample with InAs dots
T517 K, which is characterized by the value of the energy disp
sion equal to 111.2 meV.
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3. Two contributions can be distinguished: the backgrou
capacitance~showed by the dotted line! and the superim-
posed capacitance of the dots revealed in the peak atV5
20.15 V. The following equation was used to obtain t
GaAs bulk contribution which is dominant in theV,
21 V andV.0.2 V voltage range~see the inset of Fig. 3!:

C5C01SA qNCV«

2~fB2V!
, ~3!

where NCV is the donors concentration,S is the Schottky
contact area and the other parameters have their usual m
ings. Thus, the adjusted values of these quantities were
tained:fB50.96 eV andNCV57.831014 cm23. C0 is the
contribution of the GaAs/AlAs superlattice and it is inverse
proportional to the superlattice thickness. The fitting of th
Eq. ~3! to the background of the experimental capacitan
voltage curve~shown by the dotted line in the inset of Fig. 3!

FIG. 3. The CV profiles calculated at different temperatu
using Eq.~14!. The positions for the electron concentration maxim
represent the positions of the plane of dots which are found in g
agreement with the corresponding nominal position. The in
shows the experimental capacitance-voltage characteristics fo
sample with InAs dots~full line!. The negative differential capaci
tance between20.8 and 0.2 V is an evidence of the zer
dimensional character of the quantum dots. The dotted line cu
are the bulk background fit taken in order to extract the capaci
effects of the quantum dots. The dashed line is the calculated
pacitance shifted up for clearness.
d

an-
b-

-

yields C05120 pF, in agreement with the calculated val
C0'«S/dSL5170 pF ~where« was taken as the dielectri
constant of GaAs!.

B. Dots capacitance model

In the voltage range from21.0 to 0.2 V, the main con-
tribution to the total capacitance is due to the InAs se
assembled quantum dots and it reflects their ze
dimensional density of states~inset of Fig. 3!; the behavior
of the capacitance in this voltage range can be explaine
follows: starting atV520.8 V, the measured capacitanc
increases due to the filling of the dots, showing a peak aV
520.15 V ~the peak is broad due to fluctuations in the
sizes!; if the voltage increases, the capacitance signal dim
ishes because the dots are completely filled and for a fur
increase of the applied voltage, the total capacitance is g
by the contribution of the bulk GaAs. The charge located
the InAs quantum dots depends on the voltage, tempera
and density of states. In order to calculate the capacitanc
our samples we used a simple model based on the defin
of the capacitance (C5dQ/dV) where the charge is given
by the integral of the product of the density of states and
energy distribution

Cdot52qSL
]

]Vdot
F E D~«,Vdot!3 f ~«,Vdot!d« G , ~4!

with

D~«,Vdot!5
Ndot

Ap

2
D«

expF22S «1«dot1qVdot

D«
D 2G

~4a!

f ~«,Vdot!5
1

11expFq~«2qVdot!

kT G , ~4b!

whereD(«,Vdot) is the electron density of states,f («,Vdot)
is the Fermi-Dirac energy distribution,Vdot is the voltage
across the quantum dots scaled by a lever-arm relation w
the band bending is neglected.9 The factor 2 in Eq.~4! re-
flects the electron spin,S is the contact area andL is the lever
arm coefficient (L5d/t, d is the tunneling barrier thicknes
and t is the total sample thickness; therefore,L57 for the
samples used in this work!. «dot is the confined energy leve
in the quantum dots with respect to the GaAs conduct
band,D« is the energy dispersion andNdot is the total num-
ber of dots. The density of states in the InAs dots can
written in a delta function form in the ideal case~no dots size
dispersion!; here, we must include the effects of the dots s
dispersion by taking into account a Gaussian broadening
the density of states as it is shown in Eq.~4a!.10 For the
calculations, only the occupied states were considered
we assumed that the Fermi level in the dots was the sam
in the highly doped substrate.11 Then, the Eq.~4! was nu-
merically solved with«dot , D« andNdot used as fitting pa-
rameters; the calculated capacitance is shown in the inse
Fig. 3.
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5502 PRB 61A. J. CHIQUITO et al.
The obtained values for the confined level energy («dot
579 meV) and for the energy dispersion (D«
5113 meV) were found in excellent accordance with t
photoluminescence measurements; in addition, the v
Ndot56.531010 cm22 was found. As it is well established
the magnitude of the energy dispersion of electronic state
directly related to the width of the PL spectrum.2,12 It should
be mentioned that the characteristical parameters of the
can be obtained by a solution of the Poisson’s equation
the entire structure, as it has been done in Ref. 12. Howe
as it will be shown in the next section, our analysis allo
determine the CV profile as well, and thus, to obtain
structural parameters of the quantum dots~such as the spatia
distribution of electrons and dots height! in addition to the
energetical parameters.

C. CV profile calculation

The voltage interval where the negative differential c
pacitance occurs in our samples is clearly seen in the ins
Fig. 3. In this case, as it was mentioned above, the CV p
file @Eqs.~1! and ~2!# cannot be applied to the experiment
curves. Equation~1! essentially means that the electronic d
tribution in a given~bulk! structure can be written as a fun
tion of the measured capacitance. Therefore, an alterna
and direct method for the construction of the CV profile
our samples is the calculation of a general expression for
spatial electronic distribution along the structure as a fu
tion of the total capacitance

NCV~w!5F~Ctotal![F~w! ~5!

with

Ctotal5G~Cbulk ,Cdots!, ~6!

wherew is the depletion region,F andG are unknown func-
tions. The formal dependence established by Eq.~5! is only
possible to obtain if there is a well defined relation betwe
the capacitance and the depletion width. In a quantum d
system, this relation cannot be determined because the d
tion approximation is not valid for a system with dimensio
ality lower than 3 as mentioned in the introduction. As
additional complication, the total capacitanceCtotal is an un-
known function of both the bulk and dots capacitances
shown in Eq.~5!. In other words, an expression that gives t
relation between the electron distribution and the capacita
like Eq. ~1! is not possible to be achieved for a system co
taining quantum dots. Therefore, we present some cons
ations based in the electrostatic Poisson equation and in
superposition principle that allows to calculate an appro
mate equation for the determination of the spatial electro
distribution as a function of the capacitance~or the distance
from the semiconductor surface!. This task involves the de
termination of the functionsF andG, which were calculated
using a particular coupling between the capacitancesCbulk
andCdots.

In order to calculate the CV profile of the structure stu
ied here we need to consider the sources of the charges
tributing to the capacitance: the net charge is given by
free three-dimensional electrons in the GaAs surrounding
dots ~unintentional background doping! and by the confined
electrons in the dots, which are regarded as punctual cha
ue
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~we assume no particular interaction between the do!.
Then, the density of charge is given by the followin
expression:13

r~z!5qFNCVw2E D~«,Vdot!3 f ~«,Vdot!d« G . ~7!

The integration of the Poisson equation from the surface
the interior of the semiconductor can be written as

V2FB5
2qNCVw2

2«s
1

qLdots

«s
E D~«,Vdot!3 f ~«,Vdot!d«,

~8!

whereFB and NCV are the Schottky barrier height and th
density of charges in the depletion region, respectively. T
quantitiesLdots andw are shown in Fig. 1:Ldots is the nomi-
nal position of the dots plane measured from the semic
ductor surface andw is the width of the depletion layer. Th
last term of Eq.~8! is the electronic density of the plan
containing the dots~represented by a quantum well in Fig
1!. Note that in this model we consider the bulk and t
quantum dots contributions as noninteracting ones. The
ferentiation of Eq.~8! with respect to the bias can be writte
as

DV52qNCVwF 2«s

Cbulk
2

DCbulkG1
qLdots

«s
Dn, ~9!

with

Dn5
d

dV F E D~«,Vdot!3 f ~«,Vdot!d« GdV. ~10!

Equation~10! shows the charge variation in the dots plan
which produces the dots contribution to the total capacita
in all range of voltages. In order to derive Eq.~9! we used
the total capacitance written in an approximate form~parallel
plates capacitance! as it is usually done in bulk structures
Rearranging the terms, we obtain

NCV5
Cbulk

3

q«s
S dCbulk

dV D 21F11
qLdots

«s

Dn

DVG , ~11!

with

w5
«s

Cbulk
S, ~12!

whereCbulk is the capacitance of the bulk structure witho
quantum dots.

The above Eqs.~7!–~12! describe the dots as a pure ele
trostatic system embedded in a bulk structure in agreem
with the chosen parallel coupling for the dots and bu
capacitances.11 The established dependence between the
tribution of electrons and capacitance allows us to determ
the form of functionF, as follows from Eq.~11!. Using Eq.
~5!, Eq. ~11! can be rewritten as

NCV5F1~Cbulk!1F2~Cdots!, ~13!

where
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F1~Cbulk!5
Cbulk

3

q«s
S dCbulk

dV D 21

~14!

F2~Cdots!5FCbulk
3

q«s
S dCbulk

dV D 21G3FqLdots

«s

Dn

DVG . ~15!

This means that the unknown dependence of the confi
electrons upon the width of the depletion region is det
mined by the product indicated in functionF2(Cdots) above.
The dependence of the functionF2(Cdots) on the nominal
position of the dots plane (Ldots) give an uncertainty in the
amplitude of the CV profile. It is worthwhile to notice tw
points: firstly, we consider a linear form for the unknow
function G, which states the dependence of the total cap
tance @Ctotal5Cbulk1Cdots,9 in Eq. ~6!# on the bulk and
dots capacitance; secondly, the dots contribution in Eq.~11!
is proportional to the capacitance of the dots per unity
charge and area, and implicitly contains the dimensiona
of the confined system through the density of states as es
lished by Eq.~10!.

Equations~11! and ~12! relate to the electron concentra
tions and are consistent with the superposition princi
above mentioned; additionally, they are valid for any cha
distribution. The interpretation and use of these equation
as follows: the reciprocal value of the capacitanceCbulk de-
termines the distance from the semiconductor surface@in
analogy with Eq.~2!#; Eq. ~11! includes both contributions
the bulk~constant throughout the structure! and the confined
electrons in the dots plane. In order to construct the
profile using these equations some important steps are
essary: first, both the dots and bulk contributions to the to
capacitance were separated as it is presented by Eq.~13! @the
dotted line in the inset of Fig. 3 represents the bulk capa
tance fitted to the measured capacitance by means of
~3!#. Then, the bulk contribution was used both to determ
the distances from the surface@given by Eq.~12!# and to
calculate the average background density of electrons.
presence of the quantum dots makes the second term in
brackets of Eq.~11! comparable to unity, giving an add
tional contribution to the calculated bulk profile at the do
plane, which finally was calculated according to Eqs.~11!
and ~13!.

III. DISCUSSION

The results of the calculations based in Eqs.~11! and~12!
applied to the capacitance-voltage curves are plotted in
3. A direct comparison between the assumed nominal e
tron distribution and the obtained results gives good acc
dance: the nominal position of the dots isLdots5150 nm
from the Schottky contact and Eqs.~12! gives zdots
5155 nm for the electron accumulation position~Fig. 3!.
The difference between these two values can be comp
with the error due to the electron screening effects found
usual CV profiles obtained in bulk or two-dimension
structures.1 By the other hand, the profile width does n
represent the distribution of the position of dots in the pla
containing them: as in a quantum well system, the full wid
at half maximum is related to the spatial resolution of the C
profile along the growth direction.14 Thus, we can use the
ed
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profile width in order to evaluate the effective electronic r
dius which can be considered as an estimative of the he
of the self-assembled dots and the density of electrons lo
ized in the dots. We have found an average value of 5
for the CV profile width~effective electron radius!, in agree-
ment with the height of the self-assembled quantum d
presented in literature.15,16 The density of electrons in the
plane containing the dots can be obtained from the CV p
file by the integration of theNCV3w curves.17 Using this
procedure with the curves plotted in Fig. 3 we obtained
average value of the density of electrons in the quantum d
region equal ton.53109 cm22.

It is worse adding that the peak of the capacitance p
sented in the inset of Fig. 3 disappears with the increas
temperature. In addition, the calculation of the CV profil
done for different temperatures showed the sistematic shi
the peak position toward the surface with the increase
temperature, which can be caused by the dynamical pro
involving the capture/emission rates of the dots. As it w
shown in Ref. 10, if the rate of thermal emission of electro
from the quantum dots is smaller than the frequency of the
signal ~used in the capacitance measurement!, there will be
no response to this ac excitation; at low temperatures
capacitance is mainly due to the electrons through the tr
gular barrier behind the dots. Thus, at these temperatur
small shift appears on the CV profile position because
higher electric field is necessary for the tunneling proces
occur. At higher temperatures, when the thermal emiss
becomes important, there is no such shift and the CV pro
was found to be closer to the nominal position of the d
plane. This process describes well the experimental beha
observed in our samples and it is an evidence that the m
sured capacitance at low temperatures is caused by the
tron tunneling from the dots to the highly doped substra
Moreover, the variation of the maximum intensity of the C
profiles at different temperatures~showed in Fig. 3! confirms
that at high temperatures an additional quantity of electr
contribute~probably due to the thermal excitation of the bu
electrons!, increasing the measured capacitance and, a
consequence, the intensity of the CV profiles.

Finally, the supposition about a linear coupling betwe
the capacitances due to the dots and to the bulk play
fundamental role in our model: as mentioned in Sec. II,
order to calculate the CV profile it is necessary to know
function linking the electronic distribution to the total ca
pacitance of the structure. We can consider that the wh
system behaves like a parallel coupling of two capacito
where the measured capacitance contains distinguish
parts, which are individually related to the bulk and do
contributions. Actually, in a more general treatment for t
equivalent circuit we should consider other electrical com
nents for the model and probably other types of coupl
between these components. However, the validity of the
perposition of the capacitances used for the samples
studied was confirmed by the agreement between the no
nal and calculated values of the dots plane position.

To conclude, it was shown that the presence of a diff
ential capacitance is an indicator of an electronic system w
a dimensionality smaller than 2. In this case, the conv
tional method of calculation of the CV profile used for th
bulk is not valid and therefore, we developed a simp
method to obtain structural parameters of the self-assem
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quantum dots by means of the capacitance-voltage mea
ments. As a result, the structural parameters of the dots
as the position of the plane containing dots, the dots den
the concentration of electrons occupying the dots and an
timative of the dots height were obtained.
9

p

y

i

f

e

s

re-
ch
y,
s-

ACKNOWLEDGMENTS

The authors wish to thank E. Diagonel for his help
samples processing and Brazilian agencies CNPq
FAPESP for financial support.
*Electronic address: pajc@power.ufscar.br
†On leave from the Institute of Semiconductors Physics, 6300
Novosibirsk, Russia.
1E.F. Schubert,Doping in III-V Semiconductors~Cambridge Uni-

versity Press, Cambridge, England, 1993!.
2P.N. Brounkov, T. Beniyattou, and G. Guillot, J. Appl. Phys.80,

864 ~1996!.
3H. Kroemer, W.Y. Chien, J.S. Harris, Jr., and D.D. Edwall, Ap

Phys. Lett.36, 295 ~1980!.
4G. Medeiros-Ribeiro, D. Leonard, and P.M. Petroff, Appl. Ph

Lett. 66, 1767 ~1995!; G. Medeiros-Ribeiro, Ph.D. dissertation
Universidade Federal de Minas Gerais, 1996.

5K. Kreher, Phys. Status Solidi A135, 597 ~1993!.
6W.C. Johnson and P.T. Panousis, IEEE Trans. Electron Dev

18, 965 ~1971!.
7K.H. Schmidt, G. Medeiros-Ribeiro, M. Oestreich, P.M. Petro

and G.H. Do¨hler, Phys. Rev. B54, 11 346~1996!.
8K.H. Schmidt, G. Medeiros-Ribeiro, and P.M. Petroff, Phys. R

B 58, 3597~1998!.
9G. Medeiros-Ribeiro, F.G. Pikus, P.M. Petroff, and A.L. Efro

Phys. Rev. B55, 1568~1997!.
0,

l.

s.
,

ces

f,

v.

,

10P.N. Brunkov, A.A. Suvorova, N.A. Bert, A.R. Kovsh, A.E.
Zhukov, A.Yu. Egorov, V.M. Ustinov, A.F. Tsatsulnikov, N.N.
Ledentsov, P.S. Kopev, S.G. Konnikov, L. Eaves and P.S. Main,
Semiconductors32, 1096~1998!.

11Ph. Lelong, O. Heller, and G. Bastard, Physica E2, 678 ~1998!.
12P.N. Brounkov, A. Polimeni, S.T. Stoddart, M. Henini, L. Eaves,

P.C. Main, A.R. Kovsh, Yu.G. Musikhin, and S.G. Konnikov,
Appl. Phys. Lett.73, 1092~1998!.

13J.M. Lopez-Villegas, P. Roura, J. Bosch, J.R. Morante, A. Geor-
gakilas, and K. Zekentes, J. Electrochem. Soc.140, 1492~1993!.

14E.F. Schubert, R.F. Kopf, J.M. Kuo, H.S. Luftman, and P.A.
Garbinski, Appl. Phys. Lett.57, 497 ~1990!.

15M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev. B52,
11 969~1995!.

16M. Grundmann, J. Christen, N.N. Ledentsov, J. Bo´hrer, D. Bim-
berg, S.S. Ruvimov, P. Werner, U. Richter, U. Go¨sele, J. Hey-
denreich, V.M. Ustinov, A.Yu. Egorov, A.E. Zhukov, P.S. Ko-
pev, and Zh.I. Alferov, Phys. Rev. Lett.74, 4043~1995!.

17E.F. Schubert, inSemiconductors and Semimetals~Academic
Press, New York, 1994!, Vol. 40, Chap. 1.


