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Gate voltage dependence of electron mobility in #-channel MOSFETs is investigated using Hall effect and channel con-
ductance measurements at room temperature and at 77 K. The electron mobilities obtained by the two different methods
show a good agreement with each other and exhibit a decrease with increasing gate voltage in the region of high effective
normal field. The theoretical model for electron mobility is given based on the interactions of two-dimensional electron
gas confined in the inversion layer with acoustic phonons, intervalley phonons, surface-roughness and ionized im-
purities. An analytical expression is obtained for the electron mobility, where three types of /- and g-intervalley phonons
are included. The calculated results show a good agreement with the experimental data and the decrease in the mobility
at high effective normal field is interpreted in terms of surface-roughness scattering which results in £ f dependence at

high normal fields.
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§1. Introduction

Mobility in semiconductors is one of the most impor-
tant parameters of devices such as MOSFETs, bipolar
transistors and HEMTs (high electron mobility tran-
sistors). Mobility reflects scattering mechanisms and elec-
tronic states of the carriers. In MOSFET structures, a
strong gate field results in a confinement of carriers in a
very thin channel layer below the gate and in the forma-
tion of two-dimensional electron gas (2DEG). In such a
thin layer, therefore, quite different carrier transport
behaivior is expected in contrast to the case of three-
dimensional carriers in bulk materials. Since MOSFET
conductance is proportional to carrier mobility, device
characteristics are determined by the mobility. It is well
known that GaAs MESFETs or HEMTs is superior for
high-speed device application because of its high electron
mobility compared with Si MOSFETs.

A number of field effect and Hall effect measurements
have been carried out to investigate the dependence of
carrier mobility in the Si surface inversion layer on nor-
mal electric field, temperature and crystal orientation.'™
In these earlier investigations, the observed anisotropy of
the electron mobility is interpreted satisfactorily in terms
of the effective mass anisotropy.” On the other hand, in-
terpretation of the temperature and normal field
dependence is not well established because of the com-
plicated scattering mechanisms. _

Kawaji® was the first to point out that the relaxation
time of electrons in the Si inversion layer is proportional
to the average width of the quantized states in the case of
acoustic phonon scattering, where he assumed that
2DEG is scattered by surface localized phonons. He ex-
plained the electron sheet density dependences of mobili-
ty in terms of the change in the average width. Sakaki
and Sugano” showed the validity of the 2DEG model for

n-Si MOSFET, inversion layer, effective normal field dependence, mobility

galvanomagnetic effects in the Si inversion layer.
Although the effect of the confinement of electron gas, a
2DEG formation, has been clearly observed in the quan-
tum Hall effect or the Shubnikov-de Haas effect at low
temperatures, such an effect is not clearly seen at high
temperatures due to the broadening of the density-of-
state, but various experimental results are well explained
when the quantization of the electrons is taken into ac-
count, as shown later.

From the view points of device modeling and simula-
tion of MOSFETs, the evaluation of the effective mobili-
ty is very important because it determines the device char-
acteristics. Various models are proposed for the electron
mobility in Si inversion layers.*"® Shirahata and
Hamaguchi'¥ reported that the normal field dependence
of the electron mobility is well explained in terms of quan-
tization of electrons. Their analysis is based on the elec-
tron-phonon interaction model proposed by Price,”
where they took into account the quantization by using
the wave functions calculated self-consistently. However,
this model cannot explain the strong normal field
dependence reported by Takagi, Iwase and Toriumi,”
where they interpreted the quadratic field dependence of
the effective channel mobility in terms of the surface-
roughness scattering. The importance of the surface-
roughness scattering in Si inversion layers has been
pointed out by Hartstein, Ning and Fowler'® from the
analysis of the sheet electron density dependence of the
effective channel mobility. Quantitative analysis of their
data has been made by Ando,'” where he has shown that
the calculated mobility with an interface roughness of
4.3 A high and 15 A long gives a good agreement with the
observed mobility.

In this paper, we report the normal field dependence of
the electron mobility in Si MOSFETs measured by the
Hall effect and channel conductance methods at 77 K and
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room temperature. We propose analytical expressions
for the electron mobility in the Si inversion layer, where
the quantization of the electrons is considered. We will
show that these expressions properly include the
anisotropy of effective mass, many valley structures,
three kinds of g- and f-type intervalley phonons, acoustic
phonon scattering and surface-roughness scattering. At
low temperatures, impurity scattering plays an important
role in determining mobility, and therefore, it is included
in the analysis of the mobility at 77 K. In §2, we present
experimental procedures and results. In §3, theoretical
analysis of the electron mobility in Si inversion layers is
given, and a comparison is made between the presented
theory and experiments Finally, we summarize the pre-
sent results in §4.

§2. Experiments and Results

The n-channel MOSFETs used in this study were
fabricated on (100} Si wafers with the substrate doping
density of 8 x 10" cm ™. The current channel was chosen
along the (110> direction and its length L was 200 um
and its width W was 100 um. The specimens had three
pairs of voltage probes with an equal spacing of 50 pum on
both sides of the channel. The gate oxide thickness To
was 25 nm.

Source-drain*voltage V3 was kept at a constant value of
50 mV in the linear region for Hall effect measurements.
A magnetic flux density of 0.15 T was applied perpen-
dicular to the sample surface. Measurements were carried
out at room temperature and liquid-nitrogen tempera-
ture.

Hall mobility, uu, and inversion layer electron density,
N, were determined using the following relations:

pu= V) [(WV,B)
N;=(1B)/(eVu),

where ¥V is the Hall voltage, V, the voltage between the
potential probes, I, the drain current, / the length be-
tween potential probes, and e the magnitude of electronic
charge.

Effective mobility pr was also estimated from channel
conductance measurements on the same sample, where
we used a semiconductor parameter analyzer (YHP
4145B). The effective mobility is given by the following
equations in the linear region.

preit = (L13) [ (WVaeN;),

2.1
(2.2)

2.3

where V, is drain voltage, and the inversion layer sheet
electron density N! is given by

Ns’ "_“Cox( Vg-_ E/th)/e' (2’4)

In eq. (2.4), C.. is the gate oxide capacitance per unit
area, V, is the gate voltage and Vi is the threshold
voltage.

In Fig. 1 we plotted Hall mobility as a function of
sheet electron density by open circles at 300 K and 77K,
along with effective mobility estimated from the channel
conductance measurements by solid circles. We found a
good agreement between the Hall and effective mobilities
at 300 K, and hence we omitted the solid circles for the

1857
e gy (100)Si
"{,‘ L
>
~
e
S 0%
> Z
=
J [
a
[®) N
=
2
|O Ll 1 ) 11 1 113
Ng (cm?)
Fig. 1. Hall mobility (open circles) and effective channel mobility

(closed circles) at 77 and 300 K as a function of sheet electron density
-3

in a (100) Si MOSFET sample with accepter density of § X 10" em™,
gate width of 100 gm, length of 200 yum and oxide thickness of 250 A,

curve at 300 K. On the other hand, we found a noticeable
discrepancy at 77 K between the two different measure-
ments. The difference cannot be explained in terms of the
scattering dependent coefficient y,; (Hall factor), where
the coefficient appears in the Hall coefficient Ryy;

Ru=7vu/eN.. 2.5

When we use the above equation, the Hall mobility is
given by the drift mobility multiplied by the coefficient
yu. It is well known that the Hall factor is 1.18 for
acoustic phonon scattering and 1.93 for ionized impurity
scattering.'® Since ionized impurity scattering is domi-
nant at lower temperatures, the Hall mobility is expected
to be larger than the drift mobility at 77 K, which is in
contrast to the present observation. We note that the
Hall voltage at zero magnetic field vanishes, and thus we
need no correction of the Hall voltage. In the present
work, we made no correction due to the geometrical
effects because the measured Hall mobility shows a good
agreement with the effective mobility estimated from the
FET characteristics except in the region of low sheet elec-
tron density.

It is also seen in Fig. 1 that the electron mobility at 300
K decreases monotonically with increasing inversion elec-
tron density. At 77 K, on the other hand, the electron
mobility increases at first and then decreases at higher
electron density. It is very interesting to point out that
the electron mobility at 77 K decreases more steeply than
at 300K in the region of higher electron densities. This
electron density dependence of electron mobility in the
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region of high electron density will be interpreted by tak-
ing into account surface-roughness scattering.

It has been shown by Sabnis and Clemens'” that the
effective mobility can be expressed by a universal curve
when it is plotted as a function of effective normal field
which is defined by
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Fig. 2. The solid curves (1)-(3) are calculated using the surface-
roughness parameters 44=20x%10""m’ (1), 25% 107 m* (2) and
30x 107 m’ (3), respectively. The present experimental data (Hall
mobility) are shown by open circles (curve (a)) along with the ex-
perimental data of Cooper and Nelson (dot-dashed curve (b)) ob-
tained by time-of-flight method. (7=300K)
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Fig. 3. Effective normal field dependence of the measured Hall mobili-
ty (open circles) is compared with the calculated mobility using the
assumption described in the text. The dot-dashed curve (p,) is
calculated mobility due to acoustic phonons, intervalley phonons
and surface-roughness scattering, while the double dot-dashed curve
{ #iox) is the calculated mobility due to the ionized impurity scattering
alone. (T=77K)
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Er=e(0.5N.+ Nao) / Ksto 2.6)

where Ny is the charge density per unit area in the deple-
tion layer, ~y the dielectric constant of Si and ¢, the free.
space permittivity.

The validity of the universal curve has been confirmeq
by Takagi, Iwase and Toriumi" very recently, where they
measured the effective mobility in #- and p-chanpel
MOSFETSs with substrate impurity concentrations rang.
ing from 10" to 10" cm ™', We are concerned with the nog.
mal field dependence of the mobility analyzed by the
model based on the 2DEG interacting with various
phonon modes, impurities and surface-roughness in the
next section, and therefore we present here the normal
ficld dependence of the electron mobility estimated by us-
ing eq. (2.6) and the experimental data. Figures 2 and 3
represent the electron mobility as a function of normal
effective field at 300K and 77 K, respectively, where the
open circles are the measured Hall mobility. The solid
and dash-dotted curves will be described in detail in the
next section. The present results are in good agreement
with those of Takagi, Iwase and Toriumi."

§3. Analysis and Discussion

The conduction band of bulk silicon has six valleys
along the <100 directions of the Brillouin zone, and the
constant energy surface is ellipsoidal with the transverse
effective mass m,=0.19 m, and the longitudinal effective
mass 1m=0.92 m,. In the (100) surface inversion layer,
therefore, the six valleys are classified into two valleys
with m; perpendicular to the surface and four valleys
with m, perpendicular to the surface. It is well known
that the electronic states in the inversion layer is quantiz-
ed into subbands, the energies of which are proportional
to (m3)'3, where m, is the effective mass perpendicular to
the surface.’® The lowest energy subband arises from the
two valleys with the perpendicular mass my and the
higher-lying subband from the four valleys with the
perpendicular mass /7,. We use Stern’s notation,?® E;and
E, for the subband energies with m;=m, and m;=m, Ie-
spectively. The electronic states of 2DEG are calculated
by solving the Schrédinger equation and Poisson equa-
tion self-consistently

2 2
o, dg2 SR TedR)E(R)=ELi), G.1)
2
3“;2 _é [pdepl(Z) - eZMé IZ(Z) } (3.2)
Siko

where the notation is the same as that of Stern.”
Numerically, calculations were carried out by a computer
(HP9000 model 550) to obtain eigenvalues, envelope
functions and subband sheet electron density as a func-
tion of normal field. As shown in Fig. 4 we found from
the present calculations that more than 85% (90%) of the
total electrons occupy the lower two subbands, Eo and
Eo, in the region of high effective normal field at 300K (at
77K), and thus we took into account the electrons i
these two subbands for calculating the mobility. This ap-
proximation was used by Shirahata and Hamaguchi' t0
analyze the normal field dependence of the electro?
mobility. However, we have to note here that their
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Fig. 4. Populations of electrons Ny, and Ny, in the subbands Ey,,
and Ey,, respectively, in the (100) Si inversion layer with
N,=8x10" cm ™ at 300 K (broken lines) and 77 X (dot-dashed lines).
The solid line shows the total sheet density of electrons N

analysis is not quantitative, but adjustable parameters
are used to fit the calculated curve with the experimental
curve at a fixed point of the normal electric field.

It is well known from the analysis of hot-electron
effects that the electrons in n-type silicon are scattered by
various modes of phonons and that the intervalley
phonon scattering dominates the other scattering pro-
cesses, especially at high electric fields. Herring® and
Long® have shown that the temperature dependence of
the electron mobility is explained by considering the inter-
valley phonon scattering. Monte Carlo simulation of
hot-electrons revealed that the electrons are scattered by
g-type and f-type intervalley phonons and that the three
intervalley phonon modes of g- and f-types are required
to explain the hot electron transport™ (See Fig. 5 for the
g- and f-types of intervalley phonon scatterings). The
deformation potentials for these intervalley phonon scat-
terings are determined from the Monte Carlo simulation
which are tabulated in Table I, and other parameters
used in the present analysis are shown in Table II. Since
the density of states for 2DEG is characterized by a step
function, as shown below, the electron mobility is
analytically evaluated when we know the envelope func-
tion.

The relaxation time of the 2DEG interacting with
three-dimensional phonons is derived by Price’ and
Ridley.?® The scattering rate is proportional to

SCZ(Q)Imn(QZ)Z dg., (3.3)

1859

Table 1.
al.™)

Set of intervalley phonon scattering parameters (Brunetti et

Type of intervalley T D

scattering X) (0® er/ cm)

Sl 220 0.3

2 550 2.0

3 685 2.0

gt 140 0.50

g2 215 0.80

g3 720 11.0
Table II.  Set of physical parameters in the present calculations.
m, free electron mass 9.11% 107 (kg)
m longitudinal effective mass 0.916 m,
m, transverse effective mass 0.19 m,
ny density of state mass in subband E, 0.19 m,
my density of state mass in subband E, 0.417 m,
P crystal density 2,329 (kg/m%)
5 sound velocity 9,037 (m/s)
Ks; dielectric constant 11.7
D, acoustic deformation potential 12 (V)

where C(q) represents g dependence of the matrix ele-
ment for electron-phonon interaction. In the present
analysis, we assume that the electron-phonon interac-
tions in the Si inversion layer is the same as those in bulk
Si except for the quantization of electron wave functions,
and we follow the treatment by Price!” in which the
matrix element of the electron-phonon interaction is
characterized by the form factor
(@)= E5@)E(0) exp (ig:2) dz, (3.4)
where the phonon wave vector is § + g, and the momen-
tum conservation is satisfied between the phonon wave
vector § and electron wave vector k perpendicular to the
quantization axis z. Under this assumption, we find that
there exist g-type intervalley intrasubband transition for
E, subbands and f- and g-types of intervalley intrasub-
band transitions for E, subbands, while intersubband
transition occurs only by the f-type intervalley scattering.
In the case of scattering by deformation potential
acoustic phonons and intervalley phonons, eq. (3.3)
reduces to

nC?
SCZI,,".(qz)2 dqz=C2§ lImn(qz)lquz=;—, (3.9
where
1
b—=2SC?,.(z)Ci(z) dz. (3.6)

These values are obtained by self-consistent calculations
of the coupled Schrodinger and Poisson equations (3.1)
and (3.2), which are reported by many authors.?***® The
momentum-relaxation rates are given in the Appendix
for deformation potential acoustic phonons, intervalley
phonons, and surface-roughness scattering. Using these
relaxation times, we are able to evaluate the electron
mobility in the subbands E, and E,. However, the ex-
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istence of the various intervalley phonon modes results in
a very complicated form for the mobility. Therefore we
present a simplified case, where the electron scattering is
dominated by an acoustic phonon, surface-roughness,
and one of the g-type and one of the f-type intervalley
phonon scattering, and later, we evaluate the mobility in-
cluding all the modes of the intervalley phonons.

Let us assume that electrons are scattered by acoustic
phonons, interface roughness, the f-type intervalley
phonons (/) with the energy /1wy, and the g-type inter-
valley phonons (gi) with the energy hwy,. We have to
note here that intersubband scattering should be included
for both acoustic and intervalley phonon scatterings, but
the intersubband scattering by the acoustic phonons is
not allowed for the transition from the E, subband to the
Ey subband because the involved acoustic phonon energy
is much less than the energy separation between the two
subbands.

Under the assumption stated above, we obtain the
total scattering rate for the electrons in the subband E,

TLO:(A0+BO)u(e)+Cog,»[Ng,-u(s)

T (Nt Du(e—hwy))
+4Cou[Nau(e—Ade+hwy)

+(Npt+Du(e—Ae—hwy)), (3.7
and for the electrons in the subband Ey
;l-=(A(y+Bo»)u(s)+C0/g,~[Ng,-u(£)
»
T (Ngit+ Due—hwg)l+2Co [ Npu(e)
+(Nﬁ+l)u(e-—ha)ﬁ)]—!-ZC'éf,-[Nf,-u(s)
+(Nu+Du(e+de—hwp)), (3.8)
where
_mdDickBT 1
0= Wpst  2by’ (3.92)
Bo=7de(AAEEeff)2/h3, (3.9b)
Co mde,i 1
Og:_thhwgi boo s (3.9C)
of'—thhwﬁ e’ (3.9d)
A __md'DgckBT 1
o hjpsg 2b0'0' ’ (3.96)
Bor=7zmdf(AAeEeff)2/h3, (3.96)
_ md'Déi 1 3.9
ol thhwg, bo'o' ’ ( ’ g)
. md'D}; 1
Ly phaoy by’ (3.9h)
mdsz 1
Cip= ! (3.91)

2hphw;; by’
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u(e) is the unit step function (1(£)=0 for £<0 and u(e)
=1 for = 0) which arises from the density-of-state func.
tion of 2DEG, and Ag¢ is the energy difference between
the two subbands. In eq. (3.7), the factor 4 arises from
valley degeneracy of the subband £, Simiiarly, in eq. -
(3.8), the factor 2 is evident from the schematic drawing
in Fig. 5. ;

The average of the relaxation time is casily evaluated
when we assume Maxwellian distribution for the elec.
trons and is given by

()= ‘ e fo dc/\‘ ¢fode. (3.10)

When eq. (3.7) is inserted in the eq. (3.10) we obtain
1?(0, .\’g,‘) I;‘(-\'yn Xo ——\‘ﬁ)
/10+BO+C0yiNyi A(!+[;()+Cl)gl(2Nw+])
+ F(xp—x5, Yo+ xz)
A0+Bo+ 0091(2N91+ 1)+4C0/,'Nf,’
+ G(XQ“}‘,\'/,‘)
Aot Bo+ Cogi(Nyi+ 1) +4Co, QN+ 1)

Crop=

(3.1)

where we introduce the following dimensionless quan-
tities,

Xp=hwy [ ks T, (3.123)
x_ﬁ:hwﬁ/k}g T, (3.12b)
XO=A£//(BT=(E0""E0)//(B T, (3!2(:)

and the functions F(x, y) and G(x) are defined by
F(x, y)=£x exp (—x) dx

=(1+x)exp (—x)—(1+y)exp(—y), (3.133)
G(x)=fx exp (—x) dx=(1+x) exp (—x). (3.13b)

In a similar fashion the averaged relaxation time in the
Ey subband is given by

[oo1} E
f-type )
S
~ g-type L0101
pool ) (@)

(oon/)/g/
_2// —— (c)
(b)

Fig. 5. Schematic representation of the constant energy ellipses of (@
bulk Si and (b) two-dimensional electron gas for the (001) Si surface.
The subband energies are also shown in (c) schematically for 2
triangular potential case.
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F(xgi, x7)

Aot Bo +C091N9'+ZCOIINfl+2C0ﬁ(2Nfr+l) Ay +Bo+Cou(2Ny+ 1) +2Co i N+ 2Ct 2N+ 1)

G(Xf,)

A() +B() +C0 g,(2Ng,+ 1)+2C0f,(2Nf,+ I)+2C0f,(2Nf,+ 1)

Note that the right-hand sides of eqgs. (3.11) and (3.14)
are evaluated by considering the energy range of integra-

tion (in order of energy; x,<x;<xg). The average
mobility is defined as

_ (NoeStop [ 1.+ NyeSto) [ me)
(N+Ny)

where Ny and mA{=m,) are the sheet electron densities
and the conductivity mass in the E, subband, respec-
tively, and Ny and m.(=2mum/(m +m)) are those in
subband E()'.

It is straightforward to calculate the average relaxation
times in the presence of three modes of intervalley
phonons, and the averaged relaxation time for the E, sub-
band is given by

) (3.15)

1 3
T_z(Ao‘I'Bo)U(S)'{“Z C()y,'[Ng,‘u(é‘)
0 i=1
+(Ngi+1)u(£—hwg;)}
3
+4 Z Cof,'[Nﬁu(E—AE'*'hCGﬂ)
i=1

+(Nu+Du(e—Ae—hwg)l, (3.16)
where the summation runs from the lowest-energy
phonons to highest-energy phonons for both f~ and g-
type phonons, and the evaluation of the average mobility
using eq. (3.10) should be carried out by dividing the in-
tegration range in order of energy. Similarly, the averag-
ed relaxation time for the electrons in the £y subband is
given by

3
=(A0’+BO')u(5)+Z Co'gi[Ng,-u({-.‘)
i=1
3
+(Ngt Dule—hawe)] +2 2 Conl Npu(e)
=1

3
+(Na+Du(e—hwi)]+2 D, Cénl Npu(e)
i=1

+(Nﬁ+l)ll(8+A8—ha)ﬁ)]. (3.17)

Next, we will be concerned with the normal field
dependence of the electron mobility, where the normal
field depends on the sheet electron density in the inver-
sion layer and their relation is given by eq. (2.6). The
sheet electron density is easily evaluated from the channel
conductance measurements when we know the geometry
of the specimens and the thickness of the oxide layer. As
stated in §2, we measured Hail voltage in the same
samples and obtained the sheet electron density which
was found to be in good agreement with the values esti-
mated from the channel conductance measurements. Us-
ing these values and impurity concentrations in the
substrate, we are able to obtain the sheet electron den-
sities in the E, and E, subbands from the self-consistent

(3.14)

analysis. The self-consistent analysis also gives the sub-
band energies and the envelope functions and thus the
overlap integrals b,,,’s. Using these results, egs. (3.16)
and (3.17) are evaluated and the average mobility is ob-
tained from egs. (3.10) and (3.15).

The solid curves in Fig. 2 show the calculated results
with three parameters of 44 for surface-roughness scat-
tering. The experimental data of Cooper and Nelson ob-
tained by a time-of-flight method'” is also shown in Fig.
2 to compare with the present results. The data of
Cooper and Nelson exhibit a good agreement with the
present experiments although the acceptor concentra-
tions are different from each other, Noa=1.2% 10" ¢cm™3
for the sample used by Cooper and Nelson and 8.0 x 10'®
cm™? for our sample. This feature is consistent with the
results that the effective mobilities measured in
MOSFETs with different impurity concentrations lic on a
universal curve at higher effective normal fields.”
Although the calculated curves are found to be slightly
higher than the experimental results, the effective normal
field dependence of the mobilities calculated with 44
ranging from 20 to 30x 10 m?’ is in good agreement
with the experimental results. It is evident from the pre-
sent analysis that the decrease in the mobility at high effec-
tive normal fields is caused by the surface-roughness scat-
tering. The effective normal field dependence of the
measured mobility is expressed by the relation po E &f.

Next we will deal with the analysis of the mobility at

~77K. As seen in Fig. 3, the electron mobility at 77K

decreases at lower effective normal fields, which tay be
interpreted in terms of impurity scattering. However, the
treatment of the impurity scattering is complicated
because of the screening effect, and the impurity scatter-
ing can only be evaluated by numerical calculation as
shown below.

First, we will examine the scattering rate of 2DEG by
impurity ions. The relaxation time for the impurity scat-
tering of 2DEG from the state of the m-th subband with
wave vector &, to the state of the n-th subband with wave
vector k» due to the scattering by impurities in the
substrate is given by,””*

T (g(8)(1—cos 8)
[q(6)+ PH na(q ()]

1 m
L. e j d6u(D),
Tion SAA(KsiEo) Jo

(3.18)

where u(D) is the unit step function, P is the screening
parameter and is given by

P=¢e’N,/(2ksieokaT), (3.19a)
Hon(@(O)= || Cnl@)En(@)0n(2) (22
xexp{—q(B)IZ;—Zzl}dz. dz,, (3.19b)

*K. Miyatsuji: Master Thesis, Osaka University (1986).
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Imn(q(g)):\ IVd(Z,'()) [\ Crr(:)é’m(:)

xexP{—'Q(GHC"ZOH‘de‘ dzy, (3.19¢)
q() =1k, —k:l, (3.19d)
D=ki=2my(E.—E,)/ I, (3.19¢)

Ny(zp) is the impurity concentration in the Qirectiop of z,
theta is the angle between the wave vectors &, and k,, and
E,. and E, are the subband energies of the m-th and n-th
subbands, respectively. -

As we can see in eq. (3.18), the relaxation time for the
impurity scattering is very complicated, and the evalua-
tion of the average value cannot be made analytically,
and therefore we adopt an approximation method as
follows. First we evaluate the average relaxation time due
to the impurity scattering by using numerical calcula-
tions, and then we combine the two average relaxation
times using the formula

1 i 1

== * 0
P R A (3.20)

for electrons in the E, subband, where {t,,) is the average
relaxation time for scattering without the impurity scat-
tering (scattering due to acoustic phonons, surface-
roughness and intervalley phonons). The average relaxa-
tion time for electrons in the £, subband is also
calculated in the same manner. Then the average mobili-
ty is evaluated using eq. (3.15).

The solid curve in Fig. 3 is the calculated result with im-
purity concentration 8X%10“cm™ and roughness
parameter A1 =25 x 10~ m?, which shows a reasonable
agreement with the present experiments. For the purpose
of physical interpretation, we plotted the electron mobili-
ty limited by the impurity scattering by the double-dot-
dashed curve and the mobility limited by phonon scatter-
ing and surface-roughness scattering by the dot-dashed
curve. The increase in the mobility limited by the impu-
rity scattering with increasing effective normal field is in-
terpreted as the screening of the ionized impurity by the
inversion electrons reducing the scattering rate at higher
electron concentrations and thus at higher effective nor-
mal fields. It is very interesting to compare the results at
77K with those at room temperature. We find that the
effective normal field dependence of the mobility is ap-
proximated by poc E 57, This feature is well explained in
terms of the surface-roughness scattering. As seen in eq.
(A-7) the relaxation time for the surface-roughness scat-
tering is proportional to the square of the effective nor-
mal field. Although a reasonable agreement between the
present experiments and the theory is obtained, the
discrepancy at lower effective normal fields exists.
However, we have to note here that our calculations are
carried out using all the parameters determined in bulk
Si, except the surface-roughness parameters. It is surpris-
ing to find that the experimental data are well interpreted
by the present model in which the two-dimensional elec-

tron gas in the inversion layer is scattered by bulk
phonons. '
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§4. Conclusion

Electron mobility in the Si inversion layer was deter.
mined as a function of gate voltage from the measure.
ments of Hall effect and channel conductance at 300 ang
77 K. The mobilities obtained by the two different
methods showed a good agreement with cach other. The
effective normal field dependence of the mobility is in
good agreement with the previously reported data.*®
In order to.analyze the present data, we proposed a
theoretical model for the electron mobility in the inver-
sion layer, where we considered the quantization of elec-
trons, electron-phonon interaction based on the Price
model, surface-roughness scattering and screened ioniz-
ed impurity scattering, In the analysis, only one
adjustable parameter is used for the surface-roughness
scattering and the other paramcters, such as acoustic
deformation potential and deformation potentials for
the intervalley phonon scattering, are those determined
from bulk Si. We used three different intervalley
phonons for the g-type and f-type intervalley scatterings.
We found that the electron mobility is expressed by an
analytical formula in which all the scattering processes,
except the impurity scattering, are taken into account. In
the analysis, we need determine the wave functions and
subband energies which are calculated by solving the
coupled Schrodinger and Poisson equations self-con-
sistently. The calculated curve shows a good agreement
with the present observation in the magnitude of the
mobility, and the effective normal field dependence of the
mobility is well interpreted in terms of the surface-
roughness scattering at higher gate fields. At 77 K, the
¢lectron mobility decreases in the region of low effective
normal fields, which is explained by the impurity scatter-
ing and the screening effect. In the region of high effective
normal field, the electron mobility decreases with increas-
ing normal field as £ 57, which is well explained in terms
of the surface-roughness scattering.

From the present work, we conclude that the electron
mobility in Si inversion layers can be analyzed within the
framework of the model proposed in this paper, where
the two-dimensional electron gas is scattered by three-
dimensional phonons, surface-roughness and screened
ionized impurities.

Acknowledgments

One of the authors (K.M) thanks Professor S.
Miyamoto and Professor M. Hamada, President, of
Anan College of Technology for their encouragement
and is also grateful to the Ministry of Education, Science
and Culture for the visiting fellowship.

Appendix

The momentum-relaxation rates for deformati'on
potential acoustic phonons, .., and for j-th mode of in-
tervalley phonons, 1;, are given by

_1__mdD§ckBT 1

(A-D
2B’

Tac thS 2"
and
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1 myD} 1

1 1
- O D T
7, 2hphw,; b, [NJ+ 27 2]’

where plus and minus signs correspond to phonon emis-
sion and phonon absorption, respectively, my is effective
density-of-state mass given by my=m, and m,= (m.m,)""?
depending on the final subband states £, and Ey, respec-
tively, D, is the deformation potential for acoustic-
phonon scattering, # is the Planck constant divided by
2m, p is the crystal density, s is the sound velocity, kg is
the Boltzmann constant, Dy is the deformation potential
for j-th intervalley phonon scattering (j=/1, f2, f3, g1,
g2, g3; threc modes of f-type intervalley phonons and
three modes of g-type intervalley phonons) and N; is the
occupation number of j-th intervalley phonons with the
angular frequency w; given by

(A-2)

N;=1/[exp (hw;/ ks T)—1]. (A-3)
The momentum relaxation time for interface
roughness scattering is given by®
1 2=n
—=— 3 [AAeEq: [ e(q)Ilexp (—G*A*/ 4)]
TSR h q

X (1 —cos 0)3(ex—€x-¢)» (A-4)

where E. is the effective normal field given by eq. (2.6),
A the root mean square deviation of the interface, A the
correlation length, §=k’ —k, k the initial wave vector of
an electron, k' the final wave vector of the electron, £ the
angle between k and k’ and &(g) is the dielectric function
with screening effect given by

2 1 2md

2K5i8o-(; 27[712

e(g)=1+ F(q), (A-5)

where
F(Q)=S dzj‘dz’lé’(z)lziC(z’)l2 exp(—qlz—z'1).
(A-6)
In the present analysis we neglect the screening effect and
thus equation (A -4) reduces to
1 2m
—="3"[AAeE ] [exp (—q’A*/4)]
Tsr h q

% (1—cos 0)3(ex—Ex-q)- (A-7)

1863

As shown by Hartstein et al.'® the correlation length A is
about 6 A and the term (1—cos 8)k*4?/2 is much less
than unity. In this case, the relaxation time for the inter-
face roughness scattering is approximated by

1
= ﬂmd[AAEEeffP/h}.

Tsr

(A-8)
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