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Many semiconductor materials manufactured by help of nanotechnology have charge carriers of different type and mobility.
Already existing carrier density and mobility measurement methods are not accurate enouglh for the case of several carrier
components. The use of magnetoplasmic waves provides a simple and the most precise way to determine the density and mobility of
each type of the carriers (electrons and/or holes).

Magnetoplasmic waves may be excited in semiconductors when the strong magnetic field H is applied. The semiconductor sample
becomes partially transparent under these conditions. In the case of magnetoplasmic resonance within each of the carrier groups, the
transparency coefficient has a maximum. For fixed values H and excitation frequency ® the density and mobility of every carrier type
can be found.

Dispersion relation for two types of charge carriers is obtained and resonance curves are calculated.

Keywords: Magnetic measurement, imaging, magnetic susceptibility, helicons, calculation, microwave frequencies

1. INTRODUCTION

ANY SEMICONDUCTOR materials manufactured by If the semiconductor plate is at the same time placed into

help of nanotechnology have the charge of different type  the strong magnetic field H . = H,the Hall currents j_

and mobility. Already existing carrier density and ’
mobility measurement methods are not accurate enough in the
case of several carrier components. The wuse of
magnetoplasmic waves (helicons) provides a simple and more ) )
precise way to determine the density and mobility of each type ~ €quations of motion for the current components j and j,
of the carriers (electrons and/or holes).

appear and helicon magnetoplasmic waves may be excited.
Assuming that the conductivity of the plate is provided by
electrons with an isotropic mass we have the following

Magnetoplasmic waves may be excited in semiconductors d . eH, . Ne?
when the strong magnetic field H is applied and large Hall — Lttt S, = E,
currents may exist. In the case of magnetoplasmic resonance dt mc m
within each of the carrier groups, the transparency coefficient @
has a maximum. For fixed values H and excitation frequency . . e, . Ne?
o the density and mobility of every carrier type can be found. E JytT g, + me Jx = Ey

2. SUBJECT & METHODS . .

L ” - onducti | b ectric coil where N, e, m and 7 are the density, charge, mass and collision
et us consider a semiconductin, ate with an electric coi .

&P time of the electrons, £ and E

placed on its surface. For the sake of simplicity, we shall v’
assume the semiconductor to be infinitely large. Let the ) ) ) ) ]
semiconductor surface be parallel to the xy plane and the z-  varying electrical field, and H, is the static magnetic field

axis be directed perpendicular to it. Then the electrical current  along the z-axis.

are the components of

has only one component along the y-axis, and the magnetic The equations of motion (2) must be solved along with the
has one along the x-axis. We assume, that the field Hy varies ~ Maxwell equations
with time according to a harmonic law - 1 6H

rotg =———

H, =H cosat, z|=a (1) c Ot
3
Where a is the thickness of the plate along z-axis [1]. _, 168 4rx - ®
The currents induced in the semiconductor sample are rotH=—-——+—j

directed in such a way so as to counteract the penetration of
the field. As a result the varying magnetic field within the
semiconductor will be other than zero only to a certain depth
(skin depth).

The solutions of the system of equations (2), (3) were
sought in the form [2]
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& =Re Eexp(—iwt), H=Re H exp(—iat),
- “)
j =Rel exp(—iwt),

where the complex amplitudes E ,F[ and 1 depend only on
coordinate z and have the components x and y.
' =10" - 10" Hz and

ignoring the displacement currents in comparison with
conductive ones we obtain a system of equations for the

Taking into account that o << 7~

complex amplitudes of the varying magnetic field
H, and H,
82
—H +iws H +iod,H, =0
oz g
®)
82
2 . . _
c yHy tiwd,H —iwd,H =0
where the components of the conductivity tensor o are
1
01 =0pn =0, T
e. T
1+—( 4 ]
mc (6)
eH,r
2
mc Ne’t
O, =0y 2 Og=——
eHt m
1+
mc
The boundary conditions have the form
H =H,H, =0if z =za,
Q)
OH, OH
t=—2=0ifz=0
oz 0z >
and the solutions of (5) satisfying (7) are
1 cosk z cosk,z
H =—H ~ — |,
2 \coska cosk.a
®)
1. [coskz cosk:z
H, =—iH + — |,
2 cosk.a cosk.a

where k % can be detected from the characteristic equation

2
(()p 0] eHO

mc

2 472]\762
0 =

2
c’k, y = ©

. Wy
tw, +it"

The items with the argument k_ are caused by the helicon
magnetoplasmic waves. The magnetic flows are [2]
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¢ = J-dez = H(tgka + _tg]]:ra }
* (10)
t .| tgk.a tgk a
9, ZJ;Hde:zH(T—k—_ .
In the case @, 7 >>1 e have from 9)
i
T

From (10a) we can determine an effective magnetic
permeability

¢, tgka N tgk .a

Hop === (12)
T 2aH 2ka  2k.a
The g, has a maximum in the case of resonance
nrw
(Rek_)a=7,n=l,3,5,... (13)
and is equal
max u 2,7 1,3,5 (14)
I ,n=1,3.5,...
eff nirt
The impedance Z of the inductive coil is purely active
. 20,7
Z=iolu, = nz;;fz oL,, (15)

where L, is the coil inductivity without the core.

By help of (11) and (13) we can rewrite the formula (15) in
the form

2
wyC I
2 270"

Z=w,T
2m,a

(16)

3. TWO TYPES OF CHARGE CARRIERS

If the semiconductor sample contains two types of
electrons with different densities and mobilities the

characteristic equation for magnetoplasmic wave vector K can

be written as follows [4]

—ituB —ituB
k= O B2 g
Y a#éef\{%(m% B)Zj a)/éel\é%(1+(%3)2 (17

where N,, N,and u,, u, are the densities and mobilities of

Hy

the different types of charge carriers; - magnetic

permeability of vacuum.
The resonant curves in dependence of magnetic field

B were calculated from (17) for various values of N,, N,,

U, U,, and angular frequencies @, and are shown on
Fig.1-3.
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The resonant curves of amplitude and phase for forward
wave K and reflected wave P from InSb plate in dependence
of magnetic field B are calculated for frequency =300 MHz.
Parameters of the semiconductor plate: thickness a=5 mm,
dielectric  constant &£=15, charge carrier density

N=0,15%¥10"m",
u=5mv's"

Calculations are made using program [3].

charge carrier mobility

The first main peak for B, =297 corresponds to the
resonance of electrons with higher mobility #, (density V).
The second peak for B, =7T is responsible for the
resonance of both carrier types with summary density
(N,+N,). The heights of both peaks are proportional to the
products (u#,B) and (u,B) respectively. The comparison of
experimental and theoretical resonant curves provides the
possibility to calculate the parameters N,, N,, u,, and

u, for both types of charge carriers.

Resonant curves in Fig.1 are calculated for one type and in
Fig.2 for both types of charge carriers, with different sign of

carrier densities #, and #, . In comparison, resonant curves in
Fig.1 and Fig.2 showed, that different sign of mobilities
u,and u, increases second and higher resonance maximums

in resonant curves.

K P
72928 5,3166
8,0003 0,9408
Px fr
3,13 3,14
—

313 Iy ans V-1 314
0,0 60
BT

Fig.1 The resonant curves in dependence of magnetic field § for

u =u, =5m’V"s",
N,=N,=0,15*%10"m"
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K P
1,6000 2,0864
86,6167 0.9982

Px 95

3,13 3.4
34 -3,14

Fig.2 The resonant curves in dependence of magnetic field _B for
u, ==5m’V"'s" u, =5m’V"s"
N, =N, =015%10"m"

Fig.3 illustrates influence of semiconductor parameters with
different sign of mobilities %1 and u; for two types of charge.

K P
60,9082 1,9932
6,6600 . 1,0881

dx Pp

2,13 -/ 3314
3,14 L L L L ) L -3,i4
6,0 46

BT

Fig.3 The resonant curves in dependence of magnetic field §
for w,==2.5%m’V s ju,=5m’V"'s™"

N, =03*10"m>, N, =0,15*10"m"

s

1 — =250 MHz, K,,,,=4,01, 2 - £=300 MHz, K,,,.. =7,19,
3 - £=350 MHz, K0 =2,74
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We can see that pick various combinations of parameters
influence resonant curves. Different values of carrier densities

N,, N, don’t influence the resonant curves. Resonant curves

with increasing frequency marginally move to low frequency
range.

The additional peaks on Fig. 3 for small fields (<B) pertain
to the higher resonant modes 7>1.

There are illustrated increasing maximums for second
resonance of resonant curves for forward wave more than 1.

KV

BT
Fig.4 The experimental resonant curve in dependence of

magnetic field §

4. EXPERIMENTAL RESULTS

The theoretical results were confirmed experimentally for
the n-Ge semiconductor material. In Fig.4 the experimental
resonance curve is shown for the case f=25 MHz and
specimen thickness d=3 mm. The relatively weak signal in
detection coil for B=1,5 T pertains to the electrons with a
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higher mobility 0,65 m*V"'s™", and the stronger maximum

for B=8 T — to the electrons with a smaller mobility 0,125
m’ Vs

The measurements were performed at the National High
Magnetic Laboratory, which is supported by MSF Cooperative
Agreement No. DMR-0084173, by the state of Florida, and by
the DOE.

5. CONCLUSIONS

The measurement of the charge densities and mobilities for
the charge carriers of various types in semiconductor materials
by help of magnetoplasmic waves can be provided in
contactless mode. Many semiconductors thus can be
investigated if the high magnetic fields (~30 Tesla) are
available. The measurement results are in compliance with the
data obtained by the use of already existing methods.
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