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Capacitance-voltage characteristics of a Schottky junction containing SiGe/Si quantum wells
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The capacitance-voltag€(V) characteristics of SiGe/Si quantum wells located near or in the space-charge
region of a Schottky barrier have been numerically simulated by solving the Poisson equation. A physical
picture of the variations of energy band and charge density in the quantum-well structure under the bias voltage
is presented. The predominant feature of @&/ curves of quantum-well structures is the appearance of a
capacitance plateau for single quantum wells or a series of plateaus for multiple-quantum-well samples. From
the coincidence between the measu@e¥ curve and the simulated one, the band offset at the heterointerface
could be derived. Moreover, the structural parameters of the quantum-well sample could be obtained from the
measuredC-V curves. It is found that the carrier-concentration profile derived fromGhé curve by the
ordinary differential method does not coincide with the real carrier distribution in the quantum well; only the
peak height of th&-V carrier concentration profile is related to the average carrier concentration in the well.

I. INTRODUCTION II. VOLTAGE DEPENDENCE OF ENERGY BAND
OF A SCHOTTKY BARRIER CONTAINING A SINGLE

: . . . QUANTUM WELL
Capacitance-voltage Q-V) technique is a traditional

method in measuring the carrier-concentration profile of If there is a quantum well with the well width df,, and

semiconductor bulk materials. In extensive studies of semibarrier thickness ofL,, in the space-charge region of a

conductor heterojunctions and quantum wells, attempts hav@chottky barrier, the potential distributio'(x) in the

been made by using th@-V method to measure the carrier- Sample fulfills the following Poisson equation:

concentration profile in the heterostructures. However, due to 42V ()

the limitation of the depth resolution by the Debye length, = p_, (1)

the carrier-concentration profile obtained by eV mea- dx €

surement(known as theC-V carrier-concentration p'rofij@ where ¢ is the dielectric constant, ane(x) is the charge

is found to be different from the real concentration in agensity that could be expressed as

heterostructuré> Kroemer et al? suggested that although

the C-V carrier-concentration profile does not represent the p(X)=a[p(X) —Nap(X)], 2

real carrier distribution, it can be used to derive the band

offset at the heterointerface. This approach has been succe&d!

fully employed in Ill-V heterojunctiorfsand Si_,Ge,/Si _ N

double heterojunctions with small Ge compositions P()=alp00) ~Naw ()1, &

(x<0.14) in the alloy layers.In the case of quantum-well in the barrier and well regions, respectivedyis the electric

samples, Letartre, Stievenard, and Barbieralculated the charge, andp(x) is the hole concentrationN,,(x) and

C-V characteristics of a GaAs/iGa;_,As/GaAs single Ng,(X) are the ionized acceptor concentration in the barrier

quantum well located in a depletion region by solving theand well regions, respectiveli,, () is related to the Fermi

Poisson equation with the Fermi-Dirac statistics of the twodevel E¢ by the following expression:

dimensional electron gas in the well. The information they

obtained is still the band offset. In this work, we present a - 1

detailed theoretical analysis of isti Naw=Naw(x) - ’ @)
ysis of th&V characteristics of a EywtAE,—E;

Si/Si;_,Ge,/Si single quantum well contained in the deple- 2 ex;{ T) +1

tion region of a Schottky barrier, revealing cogently the

physical pictures of the variations of energy band and thavhereE,, is the top of the valence band in the wellE, is

extension of space-charge regions under different bias volthe ionization energy of acceptorl ,,(x) is the doping

ages. The experimental results coincide well with the theogoncentration in the well, ankl is the Boltzmann constant.

retical prediction. In addition to the band offset which could The hole concentration in the well could be expressed by

be obtained from the numerical simulation 6V curves, ©ither a three-dimensional formula for a wide weltr a

the structural parameters of the quantum well could also bVO-dimensional one for a narrow wélke.,

derived from the measurédtV curves. The theoretical study _ _ _

of the C-V characteristics of SiGe/Si multiple quantum wells Pus=NuweXH ~ (Ee = En)/KT], ®

has also been carried out, and the coincidence with the exvhere N,,, is the effective density of states in the valence

periments is verified. band, or
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FIG. 1. Variation of the valence band of a single quantum well

. FIG. 2. The calculate€-V curves with different thicknesses of
under different voltages.

cap layers.
n
.9 B+ Evo change of applied electric field, the depletion region is basi-
pw2_2m[§l 'Li f(E)dE+nfEn f(E)E|, (6) cally limited within the cap and the well layer, and the en-

ergy band at the right side of the well changes slightly. After
whereg=m*/27rh? is the two-dimensional density of states the depletion of the carriers in the well layer under higher
in theK spacem* is the effective mass of two-dimensional bias voltages, the depletion region is then extended over the
holes in the SiGe welk; is the energy of theth sublevel in  right side of the quantum well and behaves like an ordinary
the well, E,y, is the top of valence band in the barrier, and Schottky barrier.
f(E) is the Fermi distribution function

. C-V CHARACTERISTICS OF QUANTUM-WELL
f(E)=1[1+expEg—E)/KT]. (7) STRUCTURES
The first integration in Eq(6) could be written as After obtaining the potential and electric-field distribution
£ in the quantum-well structure, we can calculate the charge
J '“f(E)dE: h(E;.1)—h(E)), (8)  densityQ in the sample under different applied voltages. The
Ei C-V curves derived from differentiating th@-V relations
are shown in Fig. 2, where the thicknesses of cap layers are
200, 300, and 500 nm, respectively, while other parameters
for the quantum-well structures are the same as those in Fig.
n 1
nh(E,p) — 2 h(E)|. (9 TheC-V curves shown in Fig. 2 are quite different to that
i=1 of a bulk semiconductor. In the samples described above, the
total applied ac voltage drops across the cap, the quantum
By using the boundary conditions of potential and electri-well and the Si substrate(or buffer layey, i.e.,
cal field at the interfaces of well and barrier, the potentialdv=dV,+dV,,+dV,. The overall capacitanc€ is thus
distribution and thus the energy band in the whole spacethe series of the cap capacitanCe, the well capacitance

charge region could be calculated numerically. In the calcuc,,, and the buffer capacitand®,, as expressed by
lation, the sublevels in the quantum well were derived by

using a model of finite square well. Figure 1 shows the va- 1 dve dv, dv, 1 1

Ience band of a single quantum well und_er diffgrent reverse Cc ﬁ’L dQ + dQ C_c+ C_w+ Cy’ (10

bias voltages. The surface Schottky barrier height of an Al/ ) ,

p-Si contact is taken to be 0.35 eV, as determined from ouf he values ofiV¢, dV,,, anddV, at different bias voltages
I-V measurement. The width and Ge content of SGe,  ¢an be obtained from the calculation of electric potential pro-
well areL,,= 15 nm andx=0.33 respectively. The thickness fil€ in the quantum-well structure, th&;, C,,, andC,, can

of the Si cap is 300 nm. The valence-band offsetle obtained. At onv bias voltages,_the space—charge region of
AE,=0.22 eV. The doping concentrations in the well angthe Schottky barrier expands basically in the cap layer. The
barrier areN,,=4x 10 cm~3 and Ny,=1x 10 cm 3 applied ac voltagelV drops across the cap, i.@y=dV,
respectively, and the temperatdfe: 300 K. Under zero bias, @nd dV,=dV,=0. The total capacitance follows the for-
the transfer of holes from the barrier into the well results inMula of an ordinary Schottky barrier,

the band bending of barrier regions at the two sides of the _ 112

guantum well, and the depletion region of the Schottky bar- Ca=ALdeNA2V]™, (D
rier formed by a metal electrode on the top of the Si capwvhereA is the area of the electrode. For a sample with a
extends basically within the cap layer. Under small bias volt500-nm cap layer, the result of formul&l) is shown as the
ages, the high carrier concentration in the well screens thdotted curve in Fig. 3. The carrier concentration in the cap

where h(E;)=kT[In(1+e")—u], and u;=(Er—E;)/KT.
Equation(6) thus could be simplified to

Pwz=(M*KT/7h2Lw)
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FIG. 5. The calculate-V curves with different well depths:

FIG. 3. The calculation results &,, C., C.,, andC,,, VS
voltage.

layer (except in the depletion region near the well bounglary
could be determined by the relations

(@) 0.1 eV,(b) 0.2 eV,(c) 0.3 eV, and(d) 0.4 eV.

CcCuw

Con=C 4Gy

(15

In Fig. 3, the dashed curve shows that, near the first inflec-
(12)  tion point, C, differs not very much fronC,,. C,, is caused

by the variation of carrier concentration in the well with the

ac voltage. Since the carrier concentration in the well follows

13 pacitance

an exponential relation with the voltag€,, is a large ca-

before the depletion of holes in the wélj,, is

QSAW thus basically determined b@.. If the carriers in the well
are fully depleted by increasing bias voltagg, approaches

With increasing bias voltage, the Schottky barrier begin
to overlap with the barrier at the well boundary, ashdw
increases accordinglZ. no longer obeys Eq11), as shown
in Fig. 3. When the Schottky barrier extends to the well
boundary,C. reaches a constant,

where ¢,

€ material,
Ci=A— (14

a constanC,,, which is determined by the well width,,,

&
C,=A", (16)
Lw

is the dielectric constant of the Si,Ge, well

, _ CCy
whereL . is the thickness of the cap. The total capacitance is Cew= c.+cl’ 17
the series ofC; andC,,,
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FIG. 4. The calculated-V curves with different doping con- FIG. 6. The calculatedC-V curves with different interfacial

centrations in the well(@ 4x 10 cm™3, (b) 3x10 cm~3, (¢ charge densitiega) 1x 10'*cm ™2, (b) 0, (c) —1x 10" cm~2, and
2x107 em™2, (d) 1x 10 em~3, and(e) 1x 10 cm™3. (d) —2x 10" em™2.
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TABLE I. Structural parameters of the samples.

No. Ge content Cap width Well width Barrier No. of Band offset
X (nm) (nm) width periods (eV)
(nm)
A 0.33 200 15 1 0.22
B 0.33 300 15 1 0.22
C 0.40 300 15 1 0.24
D 0.45 300 15 1 0.28
E 0.33 200 15 30 10 0.22
F 0.33 300 5 30 5 0.22

In Fig. 3, C, corresponds to the capacitance value where aepth. For a given thicknesd (=500 nm and a doping
plateau in theC-V curve occurs, from which the thickness of concentration of the cap layer, ti@&V curves varied with
the cap layer and also the location of quantum well could béhe doping concentration in the well and with the well depth
determined according to Eq14). The thicker the cap, the are shown in Figs. 4 and 5.
smaller theC/ and the deviation betweed, andC/,,; and In addition to the above factors, the-V characteristics
thus the more accurate the calculationLgf may also be influenced by the interfacial charges at the well
Beyond the plateau in th@-V curve, the capacitance de- boundaries. Figure 6 shows the calcula@ curves for a
creases again as the bias voltage increases. This is caused$hygle quantum well with different interfacial charge densi-
the extension of space-charge region over the buffer layefies. All other parameters are the same as in Fig. 2. The

C, is not negligible, and the total capacitance is plateau width incre_ases as the interfacial charge density be-
comes more negative.
CcwCh The appearance of a capacitance plateau is caused by the
chfm- (18) high carrier concentration in the well. A voltage increment is

required to deplete the carriers, while the space-charge re-

The space-charge region of the buffer expands further witlyion does not extend very much. This implies that the ordi-
the increase of bias voltage. Beyond a certain voltage, thaary method to determine the carrier-concentration profile by
C-V curve is the same as that of the bulk material, fromusing Eq.(13) is not valid for a quantum-well sample. The
which the carrier concentration in the buffer lay@xcept fact that theC-V carrier concentration profile does not coin-
near the well boundajycould be determined by Eq$§12)  cide with the real carrier concentration in the well region is
and(13). due mainly to the above reason. Moreover, since the well

From the above analysis, the basic feature of @3/  width is comparable to or even smaller than the Debye
characteristics of a quantum well which differs from that of alength, the depth profile of the carrier concentration in a
bulk material is the appearance of a capacitance plateau. Thgiantum well seems meaningless, while the average carrier
capacitance-voltage interval of the plateau are related to theoncentration in the well derived by capacitance plateau is
parameters of the quantum well. The capacitance at the firgicceptable.
inflection point is determined by the cap thickness, as men- The above analysis is applied to a single quantum well.
tioned above, while the plateau width is determined by many~or the multiple-quantum-well sample, a similar analysis is
factors, including the thickness and doping concentration ofipplicable. The sequential depletion of carriers in individual
the cap, the doping concentration in the well, and the wellvells with the increase of bias voltage results in a series of
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sampleE.
capacitance plateaus. We will discuss @&/ characteristics V. RESULTS AND DISCUSSION

of multiple quantum wells in detail below.

The measuredC-V curve of sampleA, containing a
single quantum well with the structure of
as curvea in Fig. 7. The doping concentrations in the Si

The samples were grown gntype S{100 substrates by barrier and SiGe well are 310 and 4x10' cm™3, re-
molecular-beam epitaxy at a temperature of 500 °C. Beforepectively, as confirmed by the secondary-ion-mass spectro-
growing quantum wells, a Si buffer layer with a thickness ofscopic (SIMS) measurementsee Fig. 8 The computer-
about 200—300 nm was deposited. The structural parametesgmulatedC-V curve using the above parameters is shown as
of single quantum wells and multiple quantum wells arecurveb in Fig. 7. The deviation between curvbsanda is
listed in Table I. The thicknesses and Ge contents were corflue to the effect of interfacial charge density. Cucvehows
trolled by the deposition rates and monitored by two quartzlhe calculatedC-V characteristics by aSSUming an interfacial
thickness monitors. The unintentional doped epitaxial layer§harge density of-1x10'* cm~2 The existence of such
were found to bep type. A Si cap layer with a thickness of negatively charged interfacial defects has been verified by
about 200-300 nm was deposited onto the top of thdhe deep-l_evel transient spectroscopic measurerﬁ%ﬁtmm
samples. An Ohmic contact was made by evaporating A€ capacitance value of &V plateau, the cap thickness
onto the backside of the wafer followed by alloying at Lc IS eS“m-ated -tO be 200 nm, which is in agreement with the
500 °C in N, ambient. The Schottky contact was made onS.IMS profile (F'g.' 8. The band oﬁseﬂEV=0.22 eV de-
the front side of the sample by evaporating the Al electrode('ved from thg simulation agrees well with the result mea-
without alloying. TheC-V measurements were carried out Suréd by admittance spectroscapy.

: : Figure 9 shows the comparison of tl&V curves for
by using a HP 4275A capacitance meter controlled by an .
IgM-PCgComputer. P y another two single-quantum-well sampleB @énd C). All

structural parameters are the same except for the Ge content
in the well. The difference between these t@eV curves is
100 F the plateau width. The sample with large well defirger

i Ge contentcontains higher carrier concentration in the well.
The applied bias voltage for depleting the carriers in the well
must be higher than that in the sample with shallow well

. D depth. The experimental results here are in coincidence with
“-é the theoretical analysis in Sec. IV.

o 10 F Figure 10 illustrates th€-V carrier-concentration profiles

Py C of three different sampleB, C, andD with the same struc-

E 5 ture but different Ce contents. Thgx relations there are

obtained by differentiating the measur€elV curves accord-
ing to Egs.(12) and (13). The peak carrier concentration
‘ . . increases with the well depth, which is resulted by the carrier
300 305 310 315 320 transfer from the barrier into the well. However, as men-
tioned in Sec. IV, Fig. 10 could not be treated as the real
X (nm) carrier-concentration profiles in the quantum-well samples.
The C-V measurements for multiple-quantum-well
FIG. 10. TheC-V carrier-concentration profiles of samplBs ~ samples have also been performed. Figure 11 is the result of
C, andD. sampleE with five quantum wells each, and has a well width
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FIG. 12. TheC-V carrier-concentration profile of sampte FIG. 14. TheC-V carrier-concentration profile of sampife

of 15 nm, a barrier width of 25 nm, and a Ge content of 0.33
The experimental resulicurve a) shows three capacitance By using the computer simulations of teV curves, the
plateaus, each corresponds to the depletion of the carriers BEmd offsets of our samples could be derived as s,hown in
a certain well. At high bias voltage, the very strong electricropy e | The values coincide fairly well with our admittance

f'eld. n thg cqp_layer causes the breakdown of the SChOttk3;‘pectroscopy measurements, but are a little smaller than the
barrier. This limits the access of the last two wells in @&/ theoretical predictior!

measurement. Cundgin Fig. 11 is the result of a theoretical
simulation, which coincides very well with cunae

Figure 12 is theC-V carrier-concentration profile ob- VI. CONCLUSIONS
tained from Fig. 11. Although it does not represent the real , , ) )
carrier-concentration distribution, it can provide qualitatively  Based on numerically solving the Poisson equation for a
more straightforward information than Fig. 11. First, the SChottky junction containing $i,Ge,/Si single quantum
peaks inp(x) curve correspond to the locations of the quan-"ell, the energy-band bending and the extension of space-
tum wells. Second, the peak heights are related to the avefharge region under the variation of bias voltage are eluci-
age carrier concentrations in the wells. Third, Fig. 12 is morélated. TheC-V characteristics of the quantum-well struc-
sensitive to show the quantum-well structure than Fig. 11tures are also_calcglated. The most prominent fea_ture of the
The last point is especially clear for those narrower wellsC-V curve which differs from that of the bulk semiconduc-

Figure 13 shows the experimenta) and theoreticalb) C-V tors is the appearance of a capacitance plateau, which is
curves of sampl€& containing multiple quantum wells with a €aused by the pinning of the boundary of the space-charge

well thickness of only 5 nm. Since the narrow well leads to"€9ion at the well boundary during the variation of the bias
the small plateau width in th€-V curve, it is difficult to voltage by the high carrier concentration in the well. The

identify the plateau structures in Fig. 13. By transferring theSXPerimental results coincide well with the theoretical pre-
C-V curve into thep(x) profile, the individual well struc- diction. From the measure@-V curve, the structural param-

eters of the sample could be extracted, such as the thickness
of cap layer, the carrier concentrations in the cap and buffer
250 layers, the location of the quantum well, and the interfacial
charge density between the well and buffer. Th&/ carrier
concentration profile in the quantum well derived by differ-
entiating theC-V curve does not coincide with the real car-
rier concentration distribution; only the peak height of the
C-V carrier concentration profile is related with the average
carrier concentration in the well. The theoretical analysis in
this work is also valid for multiple-quantum-well samples,
although only a limited number of quantum wells could be
accessed in the experimental measurements due to the break-
down of space-charge region under high bias voltages.

tures could be clearly seen, as shown in Fig. 14.
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