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Measurement of excited states of Sb impurity in Si by traveling–wave method

Yong Sun, Tsuyoshi Takase,a) Masamichi Sakaino,b) and Tatsuro Miyasato
Department of Applied Science for Integrated System Engineering, Kyushu Institute of Technology,
1-1 Sensui-machi, Tobata, Kitakyushu, Fukuoka 804-8550, Japan

(Received 9 January 2012; accepted 30 May 2012; published online 6 July 2012)

The ground and excited states of Sb atom in Si, 1s (A1), 1s (T2), 1s (E), and 2p0, were measured

by using a traveling-wave method. The Sb-doped Si crystal with donor concentration of

2� 1015 cm�3 was placed the distance of 5 lm above a piezoelectric crystal in the fringe field of

a surface acoustic wave. The free electrons excited from the bound states of the Sb atom are

drifted by the traveling-wave, and thus lose their energy as the Joule heat through lattice and ion

scattering processes. A strong temperature-dependent energy loss of the traveling-wave can be

observed at temperatures below 200 K. The values of the bound states of the Sb atom can be

characterized by using the Arrhenius plot for thermal activation process of the electrons in the

bound states. The measurements were carried out at two frequencies of the traveling-wave,

50 MHz and 200 MHz. At the frequency of 50 MHz, the dielectric properties of the Si crystal are

governed by dopant polarization but by electronic polarization at 200 MHz. We found that

measurement accuracy of the bound states depends mainly on the electron mobility and the

dielectric constant of the Si crystal, which are sensitive to the frequency and strength of the

traveling-wave as well as electronic polarization properties of the Si crystal. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4731736]

I. INTRODUCTION

The bound states of an impurity atom doped in semicon-

ductor have been an important parameter for electronic appli-

cations, such as far-infrared active laser medium based on

neutral donor intracenter optical transitions1,2 and quantum

computer using impurity nuclei as qubits.3,4 For an example

of Sb–doped Si, the bound states of Sb atom, 1s (A1), 1s (T2),

1s (E), and 2p0 are 42.7 meV, 32.9 meV, 30.6 meV, and

11.5 meV below the conduction band edge with spacings of

9.8 meV, 2.3 meV, and 19.1 meV.5 In general, the bound

states are obtained by far-infrared absorption measurement.6,7

Several electrical measurement techniques have been used to

estimate the ionization energy of impurity atoms in semicon-

ductors through Arrhenius plot using a temperature-dependent

carrier concentration. In the case of Sb–doped Si, the ioniza-

tion of Sb atom is observed in the temperature range of

20� 60 K, corresponding to the energy kBT from 1.7 to

5.2 meV where kB is Boltzmann constant and T is absolute

temperature. Therefore, the Arrhenius plot cannot estimate

each bound states of the Sb atom and only observed lowest

one from among many bound states as ionization energy due

to the kBT close to the spacings of the states.

Thermal admittance spectroscopy is a powerful tool to

investigate ionization energy and capture cross section about

impurity atoms8 and to determine band offsets in various

semiconductor material systems.9 This technique is based on

a strong dependence of the semiconductor junction differen-

tial admittance on both temperature and measurement ac sig-

nal frequency. The real part of the junction admittance, the

conductance, exhibits a peak on its temperature dependence

when the impurity ionization time constant is comparable

with the ac measurement signal period.10 It measures the car-

riers undergoing a dynamic emission and capture process

among the impurities.

The Hall-effect measurements enable us to determine

the ionization energy for doped semiconductors through fit-

ting the curves of the ionized carrier concentration against

inverse absolute temperature.11 It measures the free carriers

from the Hall voltage under dc bias and applied magnetic

field under thermal equilibrium.

The bound states of a doped impurity atom in semicon-

ductor have been studied theoretically and experimentally, but

they cannot be obtained by measuring temperature-dependent

conductivity, admittance, and Hall constant of the semicon-

ductor. In this study, we extended a traveling-wave method to

determine the bound states of the Sb atom in Si crystal for the

first time. In this method, we measure the Joule loss of the

free carriers drifted by the traveling-wave. A strong tempera-

ture dependence of the loss enables us to obtain four bound

states of the Sb atom in Si from 1s (A1) to 2p0.

A surface acoustic wave (SAW) interacts with the elec-

trons of a semiconductor when the semiconductor is placed

near the surface of the piezoelectric crystal. This acousto-

electric (AE) effect for a SAW traveling in the semiconduc-

tor gives rise to a longitudinal d.c. acoustoelectric voltage.

The theory and measurement of the d.c acoustoelectric volt-

age or current are well known.12–16

The traveling-wave method for measuring drift mobili-

ties of semiconductors was introduced thirty years ago.17
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A semiconductor film was placed near the surface of piezo-

electric crystal in the fringe field of a surface-acoustic Ray-

leigh wave. The traveling electric wave produces, in the

semiconductor, a charge wave which in turn couples with the

electric wave and produces a current. Since the current is

proportional to the square of the field, there is a dc compo-

nent which can be measured as an opencircuit acoustoelec-

tric voltage by placing two electrodes on the film. The

acoustoelectric voltage yields the drift mobility of the charge

carriers in the semiconductor. We have also studied the tem-

perature dependences of C60 and carbon nanotube films by

using this method in our previous works.18,19

Based on the above results, we found in this study that

the traveling-wave energy loss in a semiconductor is propor-

tional to Joule heat caused by current of the charge wave.

Therefore, we can determine concentration and mobility of

the carriers in semiconductor by measuring the traveling-

wave loss. A strong temperature dependence of carrier mo-

bility due to higher measurement frequencies enables us to

determine the bound states of the impurity atom by using

Arrhenius plot. Four bound states have been observed in the

accuracy close to far-infrared absorption measurement. Hav-

ing found the expressions for both short-circuit current and

open-circuit voltage due to the traveling-wave, we will show

theoretically the loss due to the carriers excited from the

bound states of impurity atom in semiconductor.

II. THEORY OF THE TRAVELING-WAVE METHOD

A theory for calculating potential distribution in the

semiconductor due to the electric field created by surface

acoustic wave on the surface of the piezoelectric crystal has

been reported.17,20 In this theory, a quasi-static approxima-

tion of the potential was used because propagation velocity

of the SAW, vs, is much less than the light velocity. Also,

Laplace equation for the potential was assumed to hold in

the media of both the semiconductor and the piezoelectric.

For the semiconductor with dc conductivity r0, dielectric

constant �r�0, and the thickness larger than the wavelength of

the SAW, the potential / in the semiconductor, the short-

circuit dc current Iae, and the open-circuit voltage Vae are as

follows:17

/ ¼ /0fA cosh½kðy� hÞ� � B sinh½kðy� hÞ�g
� exp½iðxt� kzÞ� ; (1)

Iae ¼ r0

l
vs

� �
WkjA1j2

/2
0

2

� �
; (2)

Vae ¼
l
vs

� �
Lk2 1

kd

� �
jA1j2

/2
0

2

� �
; (3)

where the SAW propagates along the z direction and the

semiconductor and the piezoelectric arrange parallel along

the y direction. Also, L, W, and d are length, width, and

thickness of the semiconductor, respectively. l is carrier mo-

bility in the semiconductor and h is a distance between the

semiconductor and the SAW device. k and x are wavevector

and angular frequency of the SAW. The /0 is given by the

potential at the surface of the piezoelectric, and jA1j is the

attenuation factor depending on dc conductivity, and dielec-

tric constant of the semiconductor as well as frequency of

the traveling SAW. In the conditions of this study, jA1j is

close to unit.

We can obtain the Joule heat caused by the traveling-

wave in the semiconductor as follow:

P ¼ VaeIae: (4)

The Joule heat density in the semiconductor becomes

p ¼ P

LWd
¼ r0l

2x2 1

d2

jA1j
vs

� �4 /4
0

4
¼ cr0l

2x2; (5)

where c is a constant independent to temperature. We see in

Eq. (5) that the traveling-wave loss through the semiconduc-

tor is related to r0 and l of the semiconductor as well as fre-

quency of the traveling-wave.

We assume that the traveling-wave loss in the semicon-

ductor, w, is proportional to the Joule heat p, and substitute

r0 into Eq. (5). We have

w ¼ Vout

Vin

¼ cqnl3x2 ¼ cql3x2Nce�Ea=kBT; (6)

where T is absolute temperature, Nc is effective density of

states in the conduction band bottom, Ea is activation energy

of the electrons excited from an impurity bound state to the

conduction band, and n is the density of the free carriers. Vin

and Vout are the input and output signal voltages to generate

the traveling-wave. In the case of n–type Si, the mobility is

dominated by both lattice and ion scatterings. It is a function

of temperature and is proportional to T�3/2 for lattice scatter-

ing and T3/2 for ion scattering,21 respectively. Therefore, we

have result from Eqs. (5) and (6) as follows:

w ¼ p / T�xðxÞx2e�Ea=kBT ; (7)

where x(x)> 0. With increasing temperature, the traveling-

wave energy loss increases as e�Ea=kBT and decreases as

T�x(x).

If we consider the bound state of 42.7 meV which is the

ionization energy of the Sb atom in Si, the loss w calculated

by Eq. (7) is shown in Fig. 1 as a function of inverse temper-

ature. The loss at x(x)¼ 0, 5, and 10 for x¼ 1 is shown in

Fig. 1(a). The loss decreases as a function of T�x(x) at high

temperature side and increases as a function of e�Ea=kBT at

low temperature side. In addition to the curve for x(x)¼ 0,

the increase of the x(x) value results in an asymmetrical

peak which shifts toward lower temperatures. On the other

hand, the increase in frequency x leads to a symmetrical

peak on the loss as shown in Fig. 1(b) where the vertical axis

is shown in linear scale.

We have discussed the energy loss of the carriers excited

from a bound state above. If the value of x(x) is larger enough,

more peaks relating to various bound states will be observed

on temperature dependence of the traveling-wave loss.

In this study, the traveling-wave energy loss is obtained

from signal attenuation, Vout/Vin. In order to analyze the

013709-2 Sun et al. J. Appl. Phys. 112, 013709 (2012)
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relationship between the loss and the bound state, the

arrangement of the Si sample and the SAW device is shown

in Fig. 2(a). The SAW device couples electrically with the

electrons in the Si crystal sample through the traveling-

wave. The traveling-wave loses its energy as the Joule heat

by drifting the electrons in the Si crystal. Therefore, in

general, the SAW device is as a source with an internal re-

sistance Z
0
0 in order to supply electrical power to the mea-

surement sample with a load resistance Z, as seen at the

right-hand side of Fig. 2(a). When Z is much less than Z0 as

shown at the left-hand side of Fig. 2(b), the current density

iae in the sample is constant. The Joule heat density

becomes p ¼ i2ae=r, and thus the loss w¼ p is proportional

to reverse conductivity of the sample. This case corre-

sponds to measurement of high conductivity samples such

as superconductors, metals, and graphite. On the other

hand, when Z is much larger than Z0 as shown at the right-

hand side of Fig. 2(b), strength of the electric field Eae in

the sample is constant, so that the Joule heat density

becomes p ¼ E2
aer and w is proportional to conductivity of

the sample. This case corresponds to measurement of low

conductivity samples such as light-doped semiconductors

and insulators. The transition between two cases depends

on the ratio of Z/Z0. In the measurement of the Sb–doped Si

crystal in this study, the loss w is proportional to the value

of E2
aer.

III. EXPERIMENTAL

The Sb-doped Czochralski Si wafer with donor concen-

tration of 2� 1015 cm�3 was used in this study. The Si crys-

tal sample with dimensions of 10� 10� 0.5 mm3 was placed

near the surface of the SAW device. The SAW device was

fabricated on the surface of a 128� Y–X LiNbO3 crystal. Its

fundamental frequencies determined by the spacing of the

interdigital transducer (IDT) were 50 and 200 MHz. Because

the acoustic wavelengths are 80 lm for 50 MHz wave and

20 lm for 200 MHz wave, in order to obtain higher sensitiv-

ity and accuracies the gap between the Si sample and the

SAW device was fixed using a polytetrafluoroethylene

spacer with thickness of 5 lm. A dc pulse signal with ampli-

tude of 30 V, width of 50 ls and frequency of 10 kHz was

introduced to the input IDT electrode to generate the SAW.

FIG. 1. Joule loss of the free electrons excited from the bound state 1s (A1)

of Sb atom in Si as a function of inverse temperature (a) for x¼ 1 and

x(x)¼ 0, 5, and 10, (b) for x(x)¼ 10 and x¼ 10, 100, and 1000.

FIG. 2. (a) Arrangement of the Si crystal sample and

the SAW device as well as their equivalent circuit. (b)

Equivalent circuits of the measurement system for low-

and high-resistance measurement samples.

013709-3 Sun et al. J. Appl. Phys. 112, 013709 (2012)
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After a delay of 4.5 ls, the SAW was detected by the output

IDT electrode as an ac signal with frequency of 50 MHz or

200 MHz. In order to obtain the attenuation Vout/Vin, the

input and output signals were processed using the Fourier-

transform at real time. Typical input and output signals for

the 50 MHz device are shown in Figs. 3(a) and 3(c), and the

transformed signals are shown in Figs. 3(b) and 3(d), respec-

tively. The attenuation Vout/Vinwas obtained from the signal

intensities after the Fourier-transform.

The Si crystal sample and SAW device were set in a

cryostat chamber with a residual gas pressure of less than

2.0� 10�5 Pa. The temperature of the Si crystal sample was

controlled using both temperature controller (Model 331 S,

LakeShore), and cryostat (D105, Iwatani Industrial Gases

Corp.) in the range of 10� 300 K in steps of 1 K at the rate

of 0.14 K min�1. The input and output signals were observed

using oscilloscope (WaveSurfer 452, LeCroy). Before the

measurement, the Si crystal was treated at 450 K in the cryo-

stat chamber in vacuum for a week to desorb the gases on its

surface.

Because a quasistatic approximation of the traveling-

wave potential was used, the effects of the magnetic field in

the SAW can be ignored. The depth of the traveling-wave

sank into the Si crystal is dominated by the electrostatic

induction effect. We have estimated the depth, about

0.3 mm, less than the skin depth of an electromagnetic wave

with the same frequency in the Si crystal, about 2 mm. We

did not found any significant differences during the measure-

ments of the Si crystal samples with various thicknesses

above 0.5 mm.

Before the measurements of the traveling-wave loss,

the temperature dependence of the loss in the piezoelectric

crystal was also measured as a background. No significant

variations were observed in the temperature range used in

this study.

IV. RESULTS

The traveling-wave loss in the Si crystal at the traveling-

wave potential U0¼ 0.20 V at the surface of the SAW device

during the cooling process from 300 K to 20 K at frequency

of 50 MHz is shown in Fig. 4 as a function of inverse abso-

lute temperature. Three broad peaks with the shape similar

to that in Fig. 1(a), which correspond to smaller x values, are

observed. Also, a speedy increase, a, is seen at high tempera-

ture side. The three peaks distribute to a wide temperature

range from 0.05 to 0.40 (1/meV) and on an increasing back-

ground with temperature. We will discuss later that the back-

ground is related to a dc conductivity of the Si sample and

depends on the frequency of the traveling-wave. Using a cal-

ibration of the vertical axis, divided by T in order to remove

the background, we obtained three activation energies of

42.7 meV, 32.7 meV, and 29.9 meV by Arrhenius plot. The

activation energies are in good agreement with the bound

states of Sb atom in Si crystal, 1s A1¼ 42.7 meV, 1s
T2¼ 32.9 meV, and 1 s E¼ 30.6 meV.5

As a comparison, the traveling-wave losses at 50 MHz

during heating and cooling processes are shown in Fig. 5 as

a function of inverse absolute temperature. No significant

difference is observed during both heating and cooling

processes.

We also measured the traveling-wave loss at frequency

of 200 MHz. The losses at various potential of the traveling-

wave at the surface of the SAW device, U0¼ 0.77 V, 0.31 V,

and 0.12 V, during cooling process are shown in Fig. 6 as a

function of inverse temperature. The temperature depend-

ence of the traveling-wave loss at 200 MHz is much different

to that at 50 MHz. Several peaks are observed in a narrow

temperature range from 0.1 to 0.25 (1/meV). Each peaks

become more symmetrical and sharp, and the speedy
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FIG. 3. Typical input (a) and output (c) signals, and Fourier-transformed

input (b) and output (d) signals for the 50 MHz measurement.

FIG. 4. Traveling-wave loss in the Si crystal at the traveling-wave potential

U0¼ 0.20 V at the surface of the SAW device during the cooling process

from 300 K to 20 K at frequency of 50 MHz as a function of inverse absolute

temperature.
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increase at high temperature side is observed as a peak, a,

centered at 0.1 (1/meV). The number of the peaks which

can be observed decreases with decreasing surface potential

U0. In addition to the peak a, other four peaks have high

symmetry similar to that shown in Fig. 1(b). After the

traveling-wave loss is divided by T3/2, the activation energy

corresponding to the four peaks is 42.5 meV, 32.5 meV,

29.5 meV, and 12.3 meV, respectively. They are in good

agreement with the bound states of Sb atom in Si crystal, 1s
A1¼ 42.7 meV, 1s T2¼ 32.9 meV, 1s E¼ 30.6 meV, and

2p0¼ 11.5 meV.5

The activation energies obtained at the 200 MHz mea-

surement are shown in Fig. 7 as a function of the surface

potential U0 of the traveling-wave. They increase with

increasing surface potential and become saturate when the

potential U0 is large enough. The potential U0 does not affect

the saturation value of the each activation energies, but

changes the number of the peaks which can be observed on

the temperature dependence.

The temperature dependences of the traveling-wave loss

at frequency of 200 MHz during heating and cooling proc-

esses are shown in Fig. 8. The inset in the figure shows the

details of the loss during heating process. The number of the

peaks is the same to that during cooling process, but the

peaks shift to higher temperatures. The results indicate that

the electrons bound around Sb atoms are excited to the con-

duction band at higher temperatures during the heating pro-

cess. Namely, the bound states of the Sb atom increase

during heating process than that during cooling process. This

is related to a decrease in dielectric constant of the Si crystal.

The activation energies corresponding to the loss peaks

during the heating process are shown in Fig. 9 as a function of

the surface potential U0 of the traveling-wave. They increase

with increasing potential U0, but do not become saturate at

higher surface potentials. Also, the activation energies

increase at various rates with increasing surface potential.

As a characteristic parameter reflecting the shift of the

loss curves during heating and cooling processes, the

FIG. 5. Comparison of the traveling-wave energy losses at frequency of

50 MHz during heating and cooling processes as a function of inverse

absolute temperature.

FIG. 6. Losses at various potential U0 of the traveling-wave at the surface

of the SAW device, U0¼ 0.77 V, 0.31 V, and 0.12 V, during cooling process

as a function of inverse absolute temperature.

FIG. 7. Activation energies obtained at the 200 MHz measurements as a

function of the surface potential U0 of the traveling-wave.

FIG. 8. Temperature dependences of the traveling-wave loss at frequency of

200 MHz during heating and cooling processes. The inset shows the details

during heating process.
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temperature difference between the a peaks, DT, is shown in

Fig. 10 as a function of the surface potential U0. The differ-

ence DT is constant, about 60 K, until the potential reaches

0.6 V, but increases at larger potentials. This may be corre-

sponded to the results in Fig. 7 that the activation energies

become saturate when U0 is larger than 0.6 V. The potential

dependence of the difference DT indicates that high electric

field strength affects the screening effects of the bound and

free electrons in the Si crystal. In fact, the maximum of the

electric field strength in the Si crystal for U0¼ 0.77 V is 96 V/

cm for the 50 MHz device and 380 V/cm for the 200 MHz de-

vice, respectively. These values are much lower than the elec-

tric field in which electron velocity becomes saturate.

V. DISCUSSION

We are now in a position to discuss the mechanisms of

the bound state measurement by the traveling-wave method

on the base of the above results. We will discuss the effects

from the traveling-wave and the Si crystal.

A. Loss of the traveling-wave in Si crystal

For a n–type Si crystal, its conductivity changes with

temperature. With decreasing temperature, an exponential

decrease of the conductivity is observed in the intrinsic

region. When the conductivity enters the extrinsic region

where the electron concentration is constant, the conductivity

rises because the mobility of the electron increases, for the

simplest case l / T�3=2. At still lower temperatures, the im-

purity region, there is the carrier freeze-out resulting in

decrease of the conductivity. Therefore, there is a peak of

the conductivity around the boundary between the extrinsic

and impurity regions.22 This peak corresponds to an energy

level in the forbidden band, the impurity bound level. The

impurity bound level in Si can be obtained by analyzing

temperature-dependent concentration of free carriers in the

freeze-out process. In this study, the traveling-wave loss

depends strongly on temperature as described in Eqs.

(5)–(7). The Joule loss of the carriers excited from an impu-

rity level forms a peak on which the loss increases by

e�Ea=kBT and decreases by T�x(x) with increasing tempera-

ture. If the peak is strong enough in intensity and small

enough in width, we will observe the loss due to the carriers

from more levels of impurity atoms. As described above,

higher frequencies can shape and increase the loss peaks as

shown in Fig. 1(b). Therefore, this measurement method ena-

bles us to observe a small change of the traveling-wave loss

on its temperature dependence, and thus to determine the

bound states of Sb atom in Si in high accuracy.

B. Effects of the traveling-wave frequency

Higher frequencies of the traveling-wave result in larger

losses of the wave in Si crystal. As shown in Eqs. (5)–(7),

the loss increases with the square of the frequency. This

effect leads to shaper loss peaks on its temperature depend-

ence as shown in Figs. 4–6.

Also, the Joule heat increases with increasing frequency

as described in Eqs. (5)–(7). For a dc signal, the Joule loss p
is proportional to r0 or nT�3=2. But, for a high frequency

signal, the Joule loss is proportional to r0l2x2 or nT�9=2.

As a result, we can observe more peaks on temperature de-

pendence of the traveling-wave loss at higher frequencies

because the 1/kBT axis is compressed by the factor of T�9/2,

namely, the 1/kBT axis becomes (1/kBT)3.

The frequency also affects polarization properties of the

Sb atoms and electrons in the Si. In particular, the frequencies

of 50 MHz and 200 MHz used in this study are in the bound-

ary between dopant-controlling and electron-controlling

polarizations.

C. Effects of lattice vibration

The dielectric constants of n–type, p–type, and compen-

sated Si crystals have been studied in wide temperature and

frequency regions. At frequencies above 10 MHz, the elec-

tronic polarizability of Si only is observed. At frequencies

below 10 MHz, the atomic polarizablity of dopants is pre-

dominant.23 For frequencies used in this study, 50 MHz and

200 MHz, there are different temperature dependences of the

FIG. 9. Activation energies corresponding to the loss peaks during heating

process as a function of the surface potential U0 of the traveling-wave.

FIG. 10. Temperature difference DT between the a peaks on the loss curves

at frequency of 200 MHz during heating and cooling processes as a function

of the surface potential U0.
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dielectric constant of the Si crystal due to both effects of the

electronic and atomic polarizalities. The dielectric constant

at 50 MHz is almost constant at temperatures below 200 K.

On the other hand, the dielectric constant at 200 MHz

decreases with increasing temperature from 4.2 K to 200 K.23

The electronic polarization becomes more important in the

case of 200 MHz. Based on the Bohr theory, the bound states

of the Sb atom in Si can be written as En ¼
�q4m�e=8�2

r �
2
0h2m2 where m�e is effective mass of electron,

and m is integral number. The value En of the bound states is

sensitive to the dielectric constant �r�0. Therefore, there are

various temperature dependences of the traveling-wave loss

for different frequencies. In the case of 50 MHz, the dielec-

tric constant does not change at temperatures below 200 K,

so that there are the same temperature dependences during

heating and cooling processes as shown in Fig. 5. On the

other hand, in the case of 200 MHz, the values of the activa-

tion energies obtained at higher temperatures during heating

process are larger than that at lower temperatures during

cooling process as shown in Figs. 6–9. This is due to the dif-

ference from the dielectric constant. Therefore, we can con-

clude that lattice vibration decreases the electronic

polarization of the Si crystal at 200 MHz.

D. Effects of electronic polarization

As shown in Fig. 8, the electrons in the bound states in

the forbidden band are completely excited at temperatures

above 193 K (0.06/meV) during the heating process and are

frozen out from the conduction band at temperatures below

25 K (0.45/meV) during the cooling process. Unlike the case

of 50 MHz in which the dielectric constant �r�0 is independ-

ent of temperature, it decreases with increasing temperature

from 25 K to 200 K in the case of 200 MHz due to the elec-

tronic polarization. Two factors influence the dielectric con-

stant of the Si crystal. One is the effects from the lattice

vibration. A strong lattice vibration will decrease the elec-

tronic polarization in the Si crystal. Another one is the

effects of the free electrons. The concentration of the free

electron is exponential to the temperature. The difference of

the concentration at high- and low-temperature sides results

in a hysterical properties on the traveling-wave loss during

the heating and cooling processes. During the heating pro-

cess starting from low-temperature side, the electrons in the

ground states cannot be excited until temperature reaches to

about 116 K (0.10/meV) due to a large spacing of 19.1 meV

as shown in Fig. 8. This low electron concentration leads to

smaller dielectric constants, and thus larger bound states

appeared at high-temperature side. On the other hand, the

electrons have been completely excited to the conduction

band when start the cooling process at 300 K. This non-

linear variation of the concentration of the free electrons

with temperature is responsible for the hysterical properties

on the traveling-wave loss.

E. Effect of the electric field strength

The electric field with high strength can effectively drift

the free carriers in the Si crystal and thus increase the screen-

ing effects on potential of the impurity atoms. The effects

are particularly reflected to the bound states of the Sb atom

as well as the temperature dependence of the traveling-wave

loss. As shown in Fig. 10, the effects of the electric field

strength are observed for the surface potentials greater than

0.6 V. In fact, strength of the surface potential depends on

both the IDT electrode structure and the amplitude of the

input high frequency signal. The effect of the electric field

strength can be ignored in the 50 MHz measurement in

which highest U0 is 96 V/cm. But, it can be observed in the

200 MHz measurement in which highest U0 is 380 V/cm.

High electric field results in a large DT, namely, a large dif-

ference on the concentrations of the free carriers at high- and

low-temperature sides.

F. Effects of the dc conductivity

The a peak on the temperature dependence of the

traveling-wave loss is observed above 290 K (0.04/meV) for

50 MHz as well as at 116 K (0.10/meV) during cooling pro-

cess and at 193 K (0.06/meV) during heating process for

200 MHz, respectively. The a peak and the background

under the loss peaks are corresponding to the temperature de-

pendence of the dc carrier mobility of the Si crystal. Previous

experiments have observed a peak of carrier mobility on its

temperature dependence for n–type Si crystal.21 Position of

the peak depends on the donor concentration and the applied

electric field. The decreases around the peak are due to lat-

tice scattering at high temperature side and impurity ion scat-

tering at low temperature side. The peak shifts with the

donor concentration and appears at 320 K for 1019 cm�3, at

270 K for 1018 cm�3 and below 100 K for 1016 cm�3 of the

concentration.21 In the high-frequency measurement of this

study, the traveling-wave changes effectively the balance

between lattice and ion scatterings as well as their tempera-

ture dependences. As shown in Fig. 8, the a peak during

heating process appears at 193 K due to low concentration of

the carriers. But, there is the same temperature dependence

at temperatures above 193 K during the heating and cooling

processes.

VI. CONCLUSION

We have studied the traveling-wave energy loss in the

Sb-doped Si crystal by pleasing the crystal near the surface of

SAW device. The temperature dependences of the loss are

measured at various frequencies of the traveling-wave. The

bound states of the Sb atom, 1s (A1), 1s (T2), 1s (E), and 2p0

can be determined by the Arrhenius plot of the temperature-

dependent loss of the traveling-wave in high accuracy. We

also found that the loss is influenced by several parameters of

the wave and the Si crystal such as the frequency and the

strength of the traveling-wave as well as the dielectric con-

stant of the Si crystal. The traveling-wave at higher frequen-

cies such as 50 and 200 MHz results in large collision

probabilities of the free electrons with the Si lattice and leads

to a larger Joule loss and a strong temperature dependence.

The strong temperature dependence has made possible mea-

surement of the bound states of the Sb atom in Si crystal by

Arrhenius plot. The dielectric properties of the Si crystal,

which depend on the traveling-wave frequency and the
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electronic polarization of the Si crystal, play an important role

in the measurement of the ground and excited states of the Sb

atom in Si crystal. We have also measured the bound states of

P, As, B, and In atoms in Si crystal by using this method as a

comparison. Similar results will be reported elsewhere.
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