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Temperature Dependence of Electron Mobility in Si Inversion Layers
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Temperature dependence of electron mobility in Si inversion layers is investigated using channel conductance measure-
ments in the temperature range from 15 to 300 K. The electron mobility is analyzed by using the theoretical model in
which two-dimensional electron gas confined in the inversion layer interacts with acoustic phonons, intervalley phonons,
surface roughness, and ionized impurities. At higher temperatures above 100 K, the electron mobility is dominated by
acoustic phonon scattering and intervalley phonon scaltering. At temperatures below 100 K, ionized impurity scattering
plays an important role in determining the mobility in the case of low electron sheet densities, whereas in the case of
higher electron sheet densities, surface roughness scattering becomes important.

KEYWORDS: Si, inversion layer, electron mobility, electron-phonon interaction, two-dimensional electron gas

§1. [Introduction

Electron mobility in Si inversion layers is one of the
most important parameters for determining device char-
acteristics of metal-oxide-semiconductor field-effect tran-
sisters (MOSFETs), and is also an interesting subject
from the viewpoint of two-dimensional structures. Many
authors have investigated the mobility experimentally
and theoretically.” From these investigations, the ob-
served anisotropy of electron mobility is interpreted
satisfactorily in terms of the effective mass anisotropy.”
At low temperatures, two mechanisms are known to
become important: scattering of electrons in Si inversion
layers by Coulomb potential and surface roughness.
Stern and Howard" theoretically explained the increase
in mobility with increasing surface electron density at
low temperatures by the scattering of electrons due to
charged centers in the extreme quantum limit (EQL),
where they took into account screening of the centers by
carriers in the inversion layer. The calculated results have
been found to be in qualitative agreement with the experi-
ment of Fang and Fowler.” Hartstein ef al.” experimen-
tally subtracted the contribution of ionized impurity scat-
tering from their results and succeeded in explaining the
surface electron density dependence of the electron
mobility in terms of surface roughness scattering at high
ellectron densities. Ando” has made theoretical calcula-
tions of the mobility by surface irregularities and showed
that the calculated mobility with surface roughness
paramct.ers of 4.3 A high and 15 A long gives good agree-
ment with the experiments of Hartstein ef al.” At high
tempefatures. on the other hand, the scattering due to
acoustic phonons and intervalley phonons play an impor-
tant role. Kawaji' first proposed a model for acoustic
phonon scattering based on the interaction between two-
dimensional electron gas (2DEG) and phonons, where
thc relaxation time of electrons was found to be ;)rop()r-
tional to the average width of the quantized state and the

carrier concentration dependence of the electron mobil-
ity observed by Fang and Fowler,” uoc N /3 was explain-
ed well. Ezawa et al.*® proposed the expression for the
electron mobility by acoustic phonon scattering, based
on the deformation-potential-type interaction between
electrons and bulk phonons or surfons. They found that
the calculated mobilities vary as poc N5 /% and p T
but the calculated values are larger than the experimental
ones by a factor of about 6. Shirahata and Hamaguchi"
have calculated the mobility due to acoustic phonon scat-
tering and intervalley phonon scattering, taking into a¢-
count quantization of electrons. Their analysis is based
on the electron-phonon interaction model proposed by
Price.'"® They have shown that the normal field
dependence of the electron mobility observed at room
temperature by Cooper and Nelson'” can be explained
well in terms of the quantization. Takagi et al."” recently
pointed out that at higher normal fields, the electro
mobility is limited by surface roughness scattering and al
lower §urface carrier density, it is limited by Coulomb
scattering.

Fang and Fowler¥ reviewed the observed transport
properties of electrons in Si inversion layers, where the¥
showed the temperature-dependence data of the mobility
in the range from 4.2 to 300 K for various gate voltages.
Kotera er al.'9 have observed the temperatu’
dependence similar to Fang and Fowler and ascribed the
variation as pyeoc 7='~~'5 gt high temperatures ab0*¢
100K to surface phonon scattering. Sah et al.'” have 8
plied a simple two-dimensional electron gas model t0 the
scatterings due to surface oxide charges, acoustic
phonons and intervalley phonons. They have compared
::\:a‘:il)l’cil:llfteddresults with the observed mobility ((J)T(‘) a
and foundi;:zt t;urface a t terflp'eratures from 30103 ring
Varies a3 1 o € mobility limited by phonon sc_aztti) e
150K, Hartsun e oiures below 100 Kand T Py
mobility as func? “ al.' ha}/ e measured the el?c .

ions of inversion layer carrier density: n
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terfacial Na*t ion density, substrate bias voltage and tem-
perature (4.2<T=<80 K), where they have succeeded in
separating the contributions to the mobility arising from
jonized impurity scattering, surface roughness scattering
and phonon scattering by using Matthiesen’s rule. These
results suggest that the electron mobility in the Si inver-
sion layer is interpreted in terms of the combined effect
on the inversion layer carriers interacting with the
various types of scatterers, such as acoustic phonon scat-
tering, intervalley phonon scattering, surface roughness
scattering and ionized impurity scattering.

In our previous paper,'” we proposed an analytical ex-
pression for the electron mobility in the Si inversion
layer, where the quantization of electrons and four scat-
tering mechanisms (acoustic phonon, intervalley
phonon, surface roughness and ionized impurity) are
taken into account. The effective normal field
dependence of the mobility at 300 and 77 K is found to be
well explained by the model. It is therefore very in-
teresting to investigate temperature dependence of the
electron mobility. In this paper, we report the tempera-
ture dependence of the electron mobility in the Si inver-
sion layer measured by DC channel conductance
methods at temperatures from 15 to 300K. The ex-
perimental data are analyzed by means of the model used
for the analysis of the effective normal field dependence
of the electron mobility at 300 and 77 K. In §2, we pre-
sent experimental procedures and results. In §3, the ob-
served mobility is compared with the theoretical calcula-
tions, and we summarize the present results.

§2. Experimental and Results

The n-channel MOSFETs with channel length L of
200 um and width W of 100 um were fabricated on (100)
Si wafers with the substrate doping of Na=8x 10" cm™>.
The channel current flows along the {110) direction. The
specimens had three pairs of voltage probes on both sides
of the channel with an equal spacing of 50 um. The gate
oxide thickness T, was 25 nm. As pointed out in our
brevious paper,'” measurements of the electron mobility
by Hall effect and DC conductance methods revealed that
the surface electron densities and the electron mobilities
obtained by the two different methods were found to be
",1 8ood agreement with each other, except that the effec-
tive mobility is slightly larger than the Hall mobility in
the range of low surface electron density at 77 K. In the
Present experiment, therefore, the mobility was obtained
by Fhe DC conductance method.'®' We kept the source-
drain voltage ¥ at a constant value of 50 mV to achieve
I}z;) iinear region in the temperature range from 15 to

Effective mobility p.r can be estimated from channel
conductance and s given by
Meff=(L[d)/( WVdeNs),

:Nhere Iy is the drain current, e is the magnitude of elec-
r0{1 Ch.arge and the inversion layer sheet electron density
s 18 given by

2.1

N5=ch(Vg_ Vlh)/e- (2.2)

Here, C,, is the gate oxide capacitance per unit area, V,
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the gate voltage and V,, the threshold voltage. We
analyze the effective mobility in the region of
N,>5x 10" cm™?, because it is difficult to estimate an ac-
curate surface carrier density in the region near the
threshold voltage.

Figure 1 shows effective mobilities as a function of sur-
face electron densities at different temperatures from 15
to 300 K. As seen in Fig. 1, the effective mobility in-
creases as the temperature decreases. At high tempera-
tures, the electron mobility decreases monotonously with

10*

15(')(000000000000

37 N .....".'..
t 77 o oouooco oooooD
110 ----nnnuu-\

(&}
[l
o
(=]
+
+
-+
+
+
+
+
+
-+

MOBILITY (cm?/ Vi)
=
‘.él

(]

oo g aal 1 U U T T B I

1012 1013

Ns (cm™)

(-]

Fig. 1. Measured electron mobility as a function of sheet electron den-
sity at different temperatures from 15 K to 300 K.
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Fig. 2. Effective mobility as a function of temperature for surface elec-
tron densities of (1) N,=1x 10 cm™2, (2) 3x 107 cm ™, (3) $x 10"
em ™3, (4)7%x10% em ™2
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increasing surtace electron density, while at low tempera-
tures.the mobility first increases and then rapidly
decreases at higher electron densities. The data in Fig. 1
are represented in Fig. 2asa function of temperature for

-2

several surface electron densities N.=1X 10" ecm™?,
3% 10 em 5, $x 107 em %, Tx 10° cm*. At high tem-
peratures above 100 K, the measured mobility ap-
proaches an asymptote expressed as 77" (n>1). At low
temperatures below 100 K, on the other hand, the temper-
ature dependence of electron mobility depends strongly
on the surface electron densities.

It is well known that the electron mobility is
dominated by acoustic phonon and intervalley phonon
scattering at high temperatures, whereas Coulomb scat-
tering and surface roughness scattering play an impor-
tant role at low temperatures. In the following section,
We will analyze the experimental results by using the
theoretical model, which takes into account these four
principal scattering mechanisms and the electron quan-
tization etfect.

§3. Analysis and Discussion

It has been shown by Sabnis and Clemens,™ Sun and
Plummer'™ and very recently by Takagi er al.'” that the
effective mobility can be expressed by a universal curve
when it is plotted as a function of the effective normal
field defined by

Em':é’(o.s‘)\"\+1Ndclp)/’<s|€n, 3.1)

where N is the charge density per unit area in the deple-
tion layer, x the dielectric constant of Si and &, the free
space permittivity. Taking into account their results, we
plot the effective mobility as a function of effective nor-
mal field at temperatures from 15 to 300 K in Fig. 3. The
broken line in Fig. 3 indicates an E i dependence which
is caused by surface-roughness scattering (see appendix).
We find in Fig. 3 that, at high temperatures, the effective
mobility monotonously decreases as the effective field in-
creases, whereas at low temperatures, the mobility first
rises and then rapidly decreases as £ ;7. We will show a
comparison of the experimental results with calculations.

' In the previous paper,'’ we proposed analytical expres-
sions for the electron mobility in the Si inversion layer.
The analytical model is based on the interaction of 2DEG
confined in the inversion layer with acoustic phonons, in-
tervalley phonons,'" surface roughness," and ionized im-
purities.”"" The model includes the anisotropy of effective
mass, many valley structures and three kinds of g- and f-
type intervalley phonons.”™ The electronic states of the
2DEG are calculated by solving the Schrodinger equation
and the Poisson equation self-consistently using the
method of Stern.”® Numerical calculations are carried
out to obtain cigen-values, envelope functions and sub-
band sheet electron densities. From these numerical
calculations, we found that at 300 K, more than 85% of
the total clectrons in the Si inversion layer occupy the
lower two electric subbands, £, and E. , which arise from
two valleys with the longitudinal effective mass
n-z,(O. 19m,) and from four valleys with the transverse effec-
tive mass m,(0.92m,), respectively, on the (100) Si sur-
face. From this reason, we take into account the elec-
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Fig. 3. Effective channel mobility is plotted as a function of effective
normal field at different temperatures from 15 K to 300 K.

trons in these two subbands for calculating the mobility.
At lower temperatures, the population of electrons at the
lowest subband increases, and thus the above assurmnption
becomes more reasonable. The relaxation time for each
scattering may be obtained by using these numerically
calculated results, as shown in our previous paPef'm
Since the density of states is independent of energy for
2DEG, the energy-averaged relaxation time {Tpe0 18 easily
calculated for the combined relaxation time of acoustic
Dhgnon, intervalley phonon and surface roughness scat-
tering. At low temperatures, impurity scattering plays an
important role in determining mobility. The relaxation
time for the impurity scattering?" is very complica‘ed’
and the evaluation of the average value T,y was made
numerically. We combine the two average relaxation
times with an approximation method using the formula
1 1 l

oy tany  <tpy”
where <10y is the average relaxation time for electrons in
Fhe E, subband. The average relaxation time for electrons
in the Ey subband is also calculated in the same mannef-
We assume that the average mobility p is determined by
the electrons in subbands E, and E, using the expression

M=N()€<T0>/mc+N0'<‘(or > me
No+ Ny ’
:he(e m{=m) and m(=2mm,/ (m+m,)) are the co™
luctwlty masses of subbands E, and Ey. N, and No' 8¢
electron sheet densities in subbands E, and Eo, T€SPEC

tlrvely. With these assumptions, the evaluation of the elec-
on mobility is straight-forward. In the previous pape’

3.2

3.3
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we found a reasonable agreement between the calculated
results and the experimental data at 300 and 77 K.

Figure 4 shows the mobility as a function of effective
normal field at 15 K, where we compare the measured
effective mobility (solid circles) with the calculated mobil-
ity (solid curve). A value of D,,=12 ¢V is taken for the
deformation potential of acoustic phonon scattering.”
For the physical interpretation, we plotted the calculated
mobility due to the combined scattering of acoustic
phonon, intervalley phonon and surface roughness scat-
tering by the dot-dashed curve and the mobility due to
ionized impurity scattering by the double dot-dashed
curve. These theoretical curves in Fig. 4 are calculated us-
ing the impurity concentration of Ny=8x 10" ¢cm~* and
surface roughness parameter of 4.41=25x10"* m’. We
found that the calculated mobility is in good agreement
with experiments. At low effective fields, the decrease in
mobility is interpreted in terms of the insufficient screen-
ing of ionized impurities by the inversion electrons. On
the other hand, at higher effective fields, the mobility
decreases as E o which is well explained in.terms of sur-
face roughness scattering (see appendix).

Figures 5(a) and 5(b) show the temperature dependen-
cies of the electron mobility for the sheet electron den-
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Fig. 4. Effective normal field dependence of the measured effective

mobility (solid circles) is compared with the calculated mobility at 15

- The dot-dashed curve (pp) is calculated mobility due to acoustic

Ph(?noﬂs, intervalley phonons and surface roughness scattering,

“hile the double dot-dashed curve (o) is the calculated mobility
due to the ionized impurity scattering alone.
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Fig. 5. Results of numerical calculations of temperature dependence
of electron mobility (solid lines) for N.=1x% 10" cm™" and 3x 10"
cm™?, respectively, together with the experimental data obtained by
conductance measurements (solid circles). (a) N.=1x 10" cm ™ (b)
N=3x10%cm™’
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sties of V. 1210 cm Cand 3x 107 em S, respectively.
The sold circles in Figs. S(a) and $(b) are the experimen-
tal data obtained by the conductance method and the
solid hine ) is the calculated result with impurity
concentration V. =8x 10" ¢m ' and surface roughness
parameter  1.1=25x 10 “m’. For the purpose of
physical interpretation, we also plotted the mobility due
to separate scattering processes, which are acoustic
phonon scattering (x,.), intervalley phonon scattering
{ 4. ), surface roughness scattering ( #..) and ionized impu-
ity scattering (.0 ). 1t is clear from these results that at
jow temperatures below 100 K, the electron mobility is
limited by the ionized impurity scattering at low electron
densities (see Fig. 3(a) for v, = 1 x 10" ¢cm ), and the sur-
face roughness scattering plays an important role instead
ot the tonized impunity scattering with increasing surface
carnier density (see Fig. S(b) for N =3x 10" cm 7). At
lower clectron densities, the wnized umpurities are not
suthiciently screened and surface roughness scattering 18
weaker beciause of the lower effective electric field,
resulting tn the mobility being limited by the tonized im-
purtty scattering. Such a feature is obvious in Figs. S(a)
and Sth). At higher temperatures above 100K, the
measured mobihty varies as T "(n> 1), despite the sur-
face electron density, which shows good agreement with
the data of Fang and Fowler® and the experimental
result by Kotera et . V" (u X T "~ T ') This is evident
from the calculated resulis shown in Figs. 5¢a) and 5(b),
where we find that the temperature dependence of the
electron mobility near 300 K is determined by intervalley
phonon scattening in addition to acoustic phonon scaner’-
ing. Our present calculations show that the mobility (u,.)
due to acoustic phonon scattering alone is proportional
to T ' and that the temperature dependence of the
mobility (x...) due to intervalley phonon scattering alone
1s approximated by the relation 7 7. It is found from the
present work that the temperature dependence of the elec-
tron mobility in the Si inversion laver is well explained
by the previous model,” " when we include four principal
scattering mechanisms,  acoustic phonons, intervalley
phonons. surface roughness and ionized impurities. ’
The present results are summarized as follows. Temper-
arure dependence and effective normal field dependence
of the electron mobility were measured by means of the
\:h;mnei vonductance method in the temperature range
from 15 to 300 K for surface electron densities betwegn
Sx10° and 8 x 107 ¢m °. These experimental data were
analvzed through the model based on the interaction be-
tween the 2DEG confined in the inversion laver and
acoustic . phonons,  mtervalley  phonons, surface
and onized  impurities.  The calculated
mohihities are found te be in good agreement with the
observations, At tcmpcmmrca above 100 K, the tempera-
ture dependence of the electron mobtlity s 7 "(n> 1)
wterpreted in terms of the phonon sca 1 / ‘
atures below [0OK, on :r;w 111&;?;:3“;,{:‘ tcn?per-
\ . electron
mobility for fow electron densities is limited by the ioniz-
ed impurity scattering and the screening cﬂect-was found
o be very important. The surface roughness scattering
Qccomes important with increasing surface electron den-
sity or effective normal clectric field.

roughness
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Appendix

Surface irregularities at the semiconductor-insulator in-
terface are expected to constitute a major cause of scatter-
ing, especially at high normal fields. This surface
roughness scattering has been theoretically investigated
within a simple model.* The model assumes that only the
fowest electric subband is occupied by electrons, and
deviations of the interface from flatness A(x, y) are small
and slowly varying. The effect of the surface roughness is
transferred from an interface potential barrier V(z) to
other parts of Hamiltonian A, which can be dealt with
as perturbations. Hamiltonian H’ due to the surface
roughness is approximately given to the lowest order in
A(x, ) by

dv
H'=——A4(x, ),

Al
dz (A-D

where the z-axis is taken perpendicularly to the regular
surface. The procedure of calculations of tlie relaxation

time due to surface roughness scattering is as follows.
For a matrix element of the Hamiltonian H’, we have

© av
<k’tH’lk>=—S (@) (2 dz

1
X—-S A(x, y)e' s ¥ RG2R
A,

=—FqnA(k—k"), (A
where
* dv
Fe”zg {M2) - (=) dg, (A3
- dz
1
A(‘l)=2§ A(q)e!*®d?R, A4

Ckl is the initial state of an electron wave vector k', [K”
the ﬁr.lal state of an electron wave vector k', the envelop
function {(z) obtained by self-consistent calculations of
the coupled Schrédinger and Poisson equations, 4 the
area of normalization for the wave functions, R the point
vector parallel to the interface and g=k —k’. Feff has
been derived by Matsumoto and Uemura® as

b

e {1
Fy=— | L
ff Ksi€o ( 2 N;+Ndep\)

=€chf. (A ‘ 5)
A(R) is assumed to have a Gaussian form of the correla-
tion between two points:

{AR)A(R+R, =A% RN (A-6)

where <) means the sample average, 4 is the root

?i]eanl Square deviation of the interface and A the correla-
on length. [n this way, |A(g))? is obtained as

lA(q)ilznAzAz

e—q’A’M.

(A7
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Under these assumptions and neglecting the screening
effect, the relaxation time 7, of the electron with the wave
vector k is given by
1 2n

=— > Kk’ TH kD120 (e — &, )(1 —cos ),
PR e )

(A-8)

where &, (ex) is the energy of the electron with the wave

vector k(k’), 8 the angle between k and &k’ and d(x)=1 if

x=0, 8(x)=0 otherwise. We replace the quadratic part of

the matrix element of the Hamiltonian H’ in eq. (A-8)

with egs. (A-2)~(A-7) and obtain the following relation:
1 2n

= %} [AAeE.n)lexp (—q’A%/4)]

Tsr

X J(&x—€x—g)(1—cos ). (A9)
As shown by Hartstein ez al.,” the correlation length A is
about 6 A and the quantity of kA is much less than unity.
In this case, the relaxation time for surface roughness
scattering is approximated by

1
—=nmslAAeEx)?/ 1, (A-10)

Sr
where my is the effective density of states mass. Equation
(A-10) shows that the electron mobility limited by sur-
face roughness scattering varies as E ;7.
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