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On the basis of longitudinal piezoresistance measurements in the
geometry X || J || [100] and the theory of anisotropic scattering,
the deformation potential constants =, and E; for ~y-irradiated
n-Si have been determined. It has been shown that, while deter-
mining the anisotropy of relaxation times for n-Si with the deep
energy level E. —0.17 eV, the dependence of the concentration of
deep ionized centers on the deformation must be taken into con-
sideration.

1. Introduction

Deformation potential constants are important parame-
ters characterizing the band structure of semiconductors.
The development of methods aimed at their reliable de-
termination is an important task of experimental physics
of semiconductors. The corresponding values obtained
experimentally are applied when calculating the energy
shifts of corresponding extremes at various kinds of de-
formation and the transition probabilities at the scatter-
ing by acoustic lattice vibrations, which determine both
the mobility of charge carriers and the peculiarities in
the anisotropic characteristics of transport phenomena
at such scattering [1-4|. The peculiarities of deforma-
tion effects in semiconductors, which are associated with
the energy shifts of various extremes in the band spec-
trum and the reconstruction of the spectrum itself at the
deformation [5], are governed by the deformation poten-
tial constants. A uniaxial elastic deformation, which re-
duces the initial symmetry of the crystal, eliminates the
band spectrum degeneration. For instance, it may be a
degeneration with respect to the energies of equivalent
minima in the conduction band; and the magnitude of
energy decoupling at the deformation is determined by
the corresponding values of deformation potential con-
stants.

It should be noted that, at the present development
stage of the technology of semiconductor materials, the
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researches of electron transport phenomena in nanos-
tructures demand that the reliable values for defor-
mation potential constants, effective masses, relaxation
time, as well as other important parameters, be known
[6-8]. In particular, as was demonstrated in work [7], a
reduction of the dimensionality of a system substantially
affects the charge carrier mobility and the deformation
potential constants in silicon nanoconductors.

Various external physically active influences — e.g.,
high radiation fields — can substantially affect the band
parameters of semiconductor materials, in particular,
the deformation potential constants. This circum-
stance should be taken into account while designing
semiconductor-based sensors and devices. Silicon is one
of the basic materials for functional electronics for today,
and it will probably remain as such in the future. There-
fore, it is expedient to continue the study of the physical
properties of this material under various extreme condi-
tions.

This work is aimed at determining the constants =,
and Z4 of the deformation potential in the conduction
band of v-irradiated n-Si crystals, by using the tenso-
effect, which manifests itself at a uniaxial elastic defor-
mation. As a rule, the application of only one of the
methods for the determination of deformation potential
constants allows only either of them (=, or ;) or their
combination to be determined. We succeeded in find-
ing them separately, which is of importance from both
the practical and theoretical aspects. Unlike germanium,
for which the corresponding constants are known more
or less reliably, the literature data for the deformation
potential constants in silicon are rather scattered. Espe-
cially little information is available concerning the con-
stant Z; of the deformation potential in silicon. The
absence of reliable data on the magnitudes of those con-
stants does not allow precise calculations to be carried
out for the value and the character of the conduction-
band bottom shift in n-Si at a uniaxial elastic deforma-
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Fig. 1.

tion, when the mechanical stress X is directed along the
crystallographic direction [111]. The shift of the deep
energy level under the given conditions cannot be calcu-
lated as well [9].

2. Experimental Part

In this work, we study the piezoresistance of v-irradiated
n-Si crystals with the initial concentration of charge car-
riers n = 1.1 x 10" cm™3and the deep energy level
E. —0.17 eV in the geometry X | J || [100]. The deep
energy level E. —0.17 eV belonging to the A-center (the
complex of a vacancy and an interstitial oxygen atom)
is known to be a prevailing radiation-induced defect in
~-irradiated n-Si with a high content of oxygen impurity
[10].

In Fig. 1, the temperature dependences of the piezore-
sistance of ~v-irradiated n-Si measured in the geometry
X || J || [100] are depicted. A reduction of the n-Si
specific resistance in the maximum of the dependence

P _ f(X) is explained by a reduction of the gap be-
0

tween the deep energy level E.—0.17 eV and the bottom

of the conduction band [11].

The dependence of the charge carrier mobility on the
deformation at a definite fixed temperature Ty in the
presence of deep energy levels is described by the for-
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mula [12]
_ X
<L> ax
pit1
H = Ko o(To,X) (1)
p(To)

where p; and p; 11 are the specific resistances at the me-
chanical stresses X; and X;1, respectively, with both
X; and X; 11 > X', where X’ is the mechanical stress,

at which the dependence px f(X) has a maximum;

and po is the mobility of electrons in the undeformed
semiconductor at the temperature Ty. By applying ex-
pression (1) to experimental data exhibited in Fig. 1, we
calculated the dependences of the charge carrier mobil-

ity on the deformation, Ll f(X), for n-Si with the

0
deep energy level E, — 0.17 eV at various fixed tem-
peratures (see Fig. 2). Figure 2 demonstrates that the

dependences »_ f(X) saturate at large X’s, which

can be explaingd by the complete migration of charge
carriers from four valleys, which rise at a deformation
of n-Si, when X || J | [100], into two valleys falling
at that. In this case, the deep level E, — 0.17 eV ex-
changes charge carriers with only two valleys, which
therefore govern the concentration and the mobility of
charge carriers in n-Si at strong uniaxial deformations

[13].
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3. Results of Calculations and Their Discussion

If the isoenergetic surface is an ellipsoid of revolution,
the mobility of charge carriers in an arbitrary direction
is determined by the relation [5]

= sin®6 + 1 cos 0, (2)

where 6 is the angle between the considered direction
and the principal axis of the ellipsoid, and p; and gy
are the mobilities of charge carriers across and along the
ellipsoid axis, respectively. For n-Si, if X || [100], the
ellipsoids are at mutually perpendicular axes. Therefore,
taking Eq. (2) into account, we obtain

p= s p2 = p (3)

The specific electroconductance of the n-Si crystal at the
deformation X || [100] looks like

ox = 2eny (X)p) + 4ena(X)p1 = en(X)u(X), (4)

where n1(X) and ng(X) are the concentrations of charge
carriers in the valleys that rise and fall, respectively, at
the deformation, and n(X) is the total charge carrier
concentration in the conduction band at the deforma-
tion.

Since the concentration of ionized centers with the
level E. — 0.17 ¢V depends on the mechanical stress
X, the anisotropy parameter of relaxation times, K,
evidently also depends on X. Therefore, it is impossi-
ble to determine K for n-Si with the deep energy level
E. —0.17 eV from the measurements of the longitudi-
nal piezoresistance, as it was done in work [14] for shal-
low levels, where the necessary conditions are a constant
concentration of charge carriers in the conduction band
and the absence of intervalley scattering, which actively
reveals itself at 7' > 100 K.

Let us write down expression (4) for two mechanical
stresses X1 and X5, which differ a little from each other.
In so doing, we may consider that, when the deformation
X varies from X; to Xs, the concentration of ionized
centers with the level E. — 0.17 eV remains constant.
Hence,

ox, = 2eni (Xq)p) +deno(X1)pr = en(X1)u(X1), (5)

ox, = 2eni(Xo)p) +dena(X2)p1 = en(X2)u(X2). (6)

In addition, we may write down

na(X,) _AEF1
27’1,1(X1)+ 4712(X1)= TL(Xl) nl(Xl)_e kT = aq, (7>
277,1 (X2)+ 4n2(X2) = TL(XQ)’ n2(Xa) L0y

= e kT =
nl(Xg) € az,
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where AE; and AFE, are the values of energy gaps that
arise between two falling and four rising valleys at differ-
ent values (X; and Xs, respectively) of deformation in
n-Si along the crystallographic direction [100]. Taking
Egs. (5)—(7) into account, we obtain

M(Xl) . | +2/LJ_G1 1+ 2a9

= 8
w(Xe) gy +2p1a2 14 2ay ®

or

M(Xl) o 1+2KG,1 1+2a2

= 9
[L(XQ) 1+2K(12 1+2(117 ( )

where K = ML is the parameter of charge carrier mobil-
H
ity anisotropy. From Eq. (9), we determine the quantity

K

?

(1+ 2a2)1u(X2) — (1 + 2a1)p(X1)

- 2&2(1 —+ 2(11)#(X1) - 201(1 + ZGQ)N(X2)’ (10)

(1)

where K, is the parameter of effective mass anisotropy,
and K is the parameter of relaxation time anisotropy.
Taking Egs. (10) and (11) into account, we obtain

2a2(1 + 2a1)pu(X1) — 2a1 (1 4 2a2)u(X2) '

B = o S 2y () = (1 + 2an)u(X0)

(12)

Let us determine the quantity K in the framework of
the anisotropic scattering theory [15],

K, = )

(r1)’

where

(13)

{71} :/dmg/zeﬁm (1) =/da:x3/26*ﬂ”n. (14)
0 0

Under the mixed scattering conditions, the expressions
for 7 and 7, look like

3/2 3/2

aj| T a| T (
= T =
vV kBTS/Q l‘z + bo ’ + RV kBT3/2 332 + b1 ’

where

15)

7

7T611h4 1
kn=2. /92 2 (I)Oa’
B=gy/ <ML
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I 1
g =— b (16)
kB._,(“/QTrL”TTL2 (v
=2
Pog =1+ 1, 645—+1 03=5,
—d
= =2
®y, =1+0,818 “+0 688_;, (17)
—d
bo = %—07 bl = a(l—la (18)
vV kBT‘S/ZTgi(kT) \/ETS/ZTOi(kT)
2m ef(ksT)%/?
ror(T) = Y2mebiT) (19)
mne mH

n is the concentration of ionized centers, & is the dielec-
tric permeability, e is the electron charge,

3
Oy, = 3 [(1:}— a> Iny* — aln(1+6%)+ 2L(a)+

o (£t s Y]
p?+1 g ’

N

®q;= 3 [((1 —f%)a —B) Iny2+ 2(5%—1)L(a) —26%a—

4533

—(62—1)a1n(1+ﬁ2)+7;(ﬁ(1+3ﬁ2)+a(354+252—1))]7 (20)

52 = mI—mL

,a=arctanf3, L(a) = — f In cos dp is the

my
Lobachevskii function, v2 = 2;’;;2% 75—, and x = kBLT
In view of Eqgs. (16) and (19), expressions (18) can be

rewritten as follows:

TLA(I)OZ nA(I)M

bo = = , b= , 21
0 :‘?J@Oa ! :Q‘I)m ( )
where A = % According to Egs. (12)—(21), we
obtain

e T nA®g;
g ] 1 )
(I)Oa B

fdz (z3e~ x)/(szr%)

=2
Z25%P1a
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#(Xl) #(X2)
_X. 2a5(1 + 2a4) (X ) —2a1(1+ 2a() )Mo . (22)
(1+2a )M 2 (1"‘2@1)7

Differentiating Eq. (4) with respect to X, we obtain

do dn du
ax ~° (’udX + %x) (23)
or
1 dp dn du
T 2dxX ( dx +"dX) (24)

The concentration of electrons in a deformed semi-
conductor in the presence of a deep energy level is de-
termined by the formula [16]
n = nge” Akt (25)
where AFE is the change of the energy gap between the
deep level and the conduction band bottom at a deforma-
tion, « is a coefficient that varies from 1 to 2 depending
on the degree of deep level filling, and ng is the concen-

tration of electrons in the undeformed semiconductor.
With regard for Eq. (25), we obtain

dp _ 20 p dAE)
dX Prax T akT dx -

Since the dependence Z—}: =
at X = Xy (see Fig. 1,
dp. _
X | x_x,

At strong uniaxial deformations, AF =
Then, in accordance with Egs. (25) and (26

In (enou(Xo)p(Xo)) _ 1 dp
Xo u(Xo) dX |y _ Xo ’

(26)

f(X) has a maximum

curve 1), this means that

(A
BB X [9].
), we obtain

(27)

If the mechanical stress along the crystallographic direc-
tion [100] X > X, the specific electric conductance of
n-Si is determined only by two valleys with the charge
carrier mobility u = p. In view of the relation

e

= —{7),

(28)
mj

and expressions (14)—(20),
in the form

In (enopu(Xo)p(Xo)) _
Xo

Eq. (27) can be written down

1 emci B
= X

X0) (kpT)3/223, [2mim?
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oo 3 T
xree
X —— diﬂ— ) 29
dx / 22 + 2420 9, =
0 d X=Xy
or
o0
x3e 2
B [ dn — 5 = ep”(Xo)p(Xo), (30)
24 APe
0 (m + e;L(Xo)P()go)Ei‘DUa)
o Adgy;merhte
where B = (kpT)3/2E% @0, Qmﬁmi

According to Egs. (22) and (30), we obtain the follow-
ing system of two equations for the desired deformation
potential constants =, and Zg:

2a5(1+42a1) 00 20, (142a,) #0520
(142az) 222) — (1424, ) 251

=8Bm ;

z3e %dx
A®g4
eu(xo)p(xo)Eﬁ‘POa

7 — e1i2(Xo)p(Xo).

(31)

This system has two pairs of solutions: (1) 2, = 9.23 eV
and £ = —2.12 eV, and (2) 2, = —66 eV and =4 =
29 eV. The second pair must be rejected because of the
following reasons.

1. At a deformation, four valleys would have to fall on
the energy scale. However, this result contradicts the
reliable experimental and theoretical regularities estab-
lished in the Smith—Herring piezoresistance effect.

2. The shift rate for the deep level of the A-center in
n-Si at a uniaxial deformation turns out considerably
overestimated for all crystallographic directions.

3. The value of charge carrier mobility in n-Si crystals
calculated in the framework of the anisotropic scattering
theory is much lower than the experimental one.

The reliability of the results obtained is confirmed by
the fact that the value of deformation potential constant
=. = 9.23 eV calculated in this work is rather close to
the value 2, = 9.3 eV obtained earlier for pure sili-
con crystals, mainly under phonon scattering conditions
[17], and for silicon crystals irradiated at small doses [18].
The method used in works [17, 18] to determine the de-
formation potential constant =, has restrictions by the
temperature and the impurity concentration. The corre-
sponding constant in silicon can be determined precisely
enough on the basis of this method only if the piezoresis-
tance at a uniaxial deformation is created by a redistri-
bution of charge carriers between the valleys. However,
if the concentration of radiation-induced defects — e.g.,
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A-centers — at the ~-irradiation attains values, at which
the variation in their filling degree at a deformation can
appreciably affect the concentration of charge carriers in
the conduction band, the application of this method is
impossible.

4. Conclusions

To summarize, first, the method proposed in this work
allows both constants of the deformation potential, =,
and =4, to be determined at a simultaneous action of
various mechanisms giving rise to the piezoresistance.
Second, it enables the corresponding constants to be de-
termined at an arbitrary concentration of both shallow
and deep centers in silicon crystals, which is important
at the manufacturing of various kinds of pressure trans-
ducers and sensors with given parameters. The method
proposed for the determination of the deformation po-
tential constants could be approbated to determine the
relevant constants for such technically important multi-
valley semiconductors, as Ge, GaAs, GaSb, CdSb, and
others.

1. K.H. Park, T. Unuma, K. Hirakawa, and S. Takagi, Appl.
Phys. Lett. 91, 132118 (2007).

2. P.D. Yoder, V.D. Natoli, and R.M. Martin, J. Appl.
Phys. 73, 4378 (1993).

3. E. Pop, R.W. Dutton, and K.E. Goodson, J. Appl. Phys.
96, 4998 (2004).

4. A.A. Skvortsov, O V. Litvinenko, and A.M. Orlov, Semi-
cond. 37, 15 (2003).

5. G.L. Bir and G.E. Pikus, Symmetry and Strain-Induced
Effects in Semiconductors (Wiley, New York, 1974).

6. S.E. Thompson, G. Sun, Y.S. Choi, and T. Nishida, IEEE
Trans. Electr. Dev. 53, XXX (2006).

7. F. Murphy-Armando, G. Fagas, and J.C. Greer, Nano
Lett. 10, 869 (2010).

8. O.D. Restrepo, K. Varga, and S.T. Pantelides, Appl.
Phys. Lett. 94, 212103 (2009).

9. A.V. Fedosov, S.V. Luniov, and S.A. Fedosov, Ukr. Fiz.
Zh. 55, 323 (2010).

10. I.D. Konozenko, A.K. Semenyuk, and V.I. Hivrich,
Radiation-Induced Effects in Silicon (Naukova Dumka,
Kyiv, 1974) (in Russian).

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 6



DEFORMATION POTENTIAL CONSTANTS =, AND E,

11.

12.

13.

14.

15.

16.

17.

A.K. Semenyuk, Radiation-Induced Effects in Multi-
valley Semiconductors (Nadstyr'ya, Lutsk, 2001) (in
Ukrainian).

A.V. Fedosov, S.V. Luniov, and S.A. Fedosov, in
Prodeecings of the 8-th International Conference VITT-
2009, Minsk, 2009, p. 357 (in Russian).

S.V. Luniov, Sensor. Elekton. Mikrosyst. Tekhnol. 1, 11
(2010).

A.V. Fedosov, V.S. Timoshchuk, and L.V. Yashchinskii,
Fiz. Tekh. Poluprovodn. 22, 1704 (1988).

P.I. Baranskii, I1.S. Buda, I.V. Dakhovskii, and
V.V. Kolomoets, FElectric and Galvano-Magnetic
Phenomena in Anisotropic Semiconductors (Naukova
Dumbka, Kyiv, 1977) (in Russian).

A.V. Fedosov, S.V. Luniov, and S.A. Fedosov, Ukr. Fiz.
Zh. 56, 70 (2011).

P.I. Baranskii, I.V. Dakhovskii, V.V. Kolomoets, and
A.V. Fedosov, Fiz. Tekh. Poluprovodn. 10, 1387 (1976).

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 6

18. A.V. Fedosov and L.V. Yashchinskii, UkrNIINTI Dep.
Manuscr. 2565, 79 (1988) (in Russian).

Received 06.06.11.
Translated from Ukrainian by O.I. Voitenko

KOHCTAHTU JE@OPMAIINHOTO ITIOTEHIIIAJIY =, Ta Eg
¥ n-Si, BUSHAYEHI METOJIOM TEH3OPE3UCTUBHOI'O
E®EKTY

C.B. Jlynuwvos, JI.I. Ianacrox, C.A. @edocos
PesowMme

Ha ocuoBi BUMipIOBaHb TO30BXKHBOTO I1'€300T0PY JIsl BUMAJKY,
ko X//J//[100], i Teopii aHI30TPONHOrO PO3CISHHS BU3HAYEHO
KOHCTaHTH AedOPMAIiifHOTO MOTEHIaLy =, Ta =4 B 7y-OIPOMiHE-
nomy n-Si. [lokazano, mo npu BU3HAYEHHI IapamMeTpa aHi30Tpo-
il JaciB pesakcariil it n-Si 3 TINOOKUM €HEepreTUYHUM piBHEM
E. — 0,17 eB HeobxigHO BpaxoByBaTu 3aJIEXKHICTH KOHIIEHTpAIil
ioHi30BaHMX TVIMOOKUX IIEHTPIB Bij gedopmariil.
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