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Experimental test for the conductivity properties from the Casimir force between metal
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The experimental investigation of the Casimir force between a large metallized sphere and semiconductor
plate is performed using an atomic force microscope. Improved calibration and measurement procedures
permitted a reduction in the role of different uncertainties. Rigorous statistical procedures are applied for the
analysis of random, systematic, and total experimental errors at 95% confidence. The theoretical Casimir force
is computed for semiconductor plates with different conductivity properties, taking into account all theoretical
uncertainties discussed in the literature. The comparison between experiment and theory is done at both 95%
and 70% confidence. It is demonstrated that the theoretical results computed for the semiconductor plate used
in experiment are consistent with the data. At the same time, the theory describing a dielectric plate is excluded
by experiment at 70% confidence. Thus, the Casimir force is proved to be sensitive to the conductivity

properties of semiconductors.
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I. INTRODUCTION

The Casimir force [1] is a phenomenon originating from
quantum fluctuations. It depends on both the Planck constant
f and the velocity of light, ¢. At the shortest separations of a
few nanometers the relativistic effects become negligible and
quantum fluctuations give rise to the familiar van der Waals
force. The experimental interest in the Casimir effect (see
Refs. [2-12] and review [13]) is motivated by the important
role played by fluctuating phenomena in different fields of
physics. One of the most important applications of the Ca-
simir force is in nanotechnology. Microdevices and micro-
structures are fabricated from semiconductors, and their
characteristic sizes are of micrometers to nanometers—i.e.,
distance scales where the Casimir and van der Waals forces
become dominant [8,13—15]. Another notable application of
precision experiments is in the search for new fundamental
interactions and hypothetical particles where the Casimir
force makes the largest contribution to the background
[11-13,16-19].

All experiments in Refs. [2-12] deal with metallic test
bodies. However, the most important materials used in nano-
technology are semiconductors with conductivity properties
ranging from metallic to dielectric. Measuring the van der
Waals and Casimir forces between dielectrics has always
been a problem due to the need to eliminate residual charges
and contact potential differences [13]. Semiconductors with a
relatively high conductivity have an advantage that they
avoid accumulation of residual charges but, at the same time,
possess a typical dielectric dependence of the dielectric per-
mittivity on frequency within a wide frequency range. This
makes it possible to examine the influence of material prop-
erties on the Casimir force and opens new opportunities to

1050-2947/2006/74(2)/022103(14)

022103-1

PACS number(s): 12.20.Fv, 12.20.Ds, 68.37.Ps

modulate the magnitude and separation dependence of the
force by using semiconductors of different conductivity. We
should note that an early attempt to measure the van der
Waals force in semiconductor surfaces and modify them by
light was reported in Ref. [20]. The force was measured be-
tween a glass lens and Si plate and also between the glass
lens coated with Si in a small region and the same Si plate.
As the glass lens is an insulator, the forces due to work
function potential differences could not be controlled. This
might explain why no force change occurred on illumination
for small separations below 350 nm [20] where it should
have been most pronounced, given the approximate inverse
third-power distance dependence of the Casimir force for this
geometry.

Recently Ref. [21] presented the first measurement of the
Casimir force between a large gold-coated sphere and single-
crystal silicon plate with a resistivity p=0.0035 ) cm. The
obtained experimental results were compared with the Lif-
shitz theory at zero temperature, and excellent agreement
was obtained. It was shown that the Casimir force between
Au-Si bodies decreases with the increase of separation dis-
tance more quickly than between Au-Au bodies. In Ref. [21]
the conclusion was made that this behavior of a metal-
semiconductor system in comparison with the case of two
metals can be used to control the Casimir force in microelec-
tromechanical and nanoelectromechanical systems. An addi-
tional interest in the case of dissimilar materials of the Ca-
simir plates (metal and dielectric) was stimulated by new
theoretical results. As was shown in Ref. [22], the Casimir
pressure and the free energy of a fluctuating field between
metal and dielectric are nonmonotonous functions of tem-
perature in some temperature intervals. This leads to the pos-
sibility of negative Casimir entropy although it always van-
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ishes when the temperature goes to zero (i.e., the Nernst heat
theorem is satisfied).

In this paper we continue the experimental investigation
of the Casimir force between an Au sphere and a Si plate
using the experimental setup described in Ref. [21]. We ap-
ply the improved procedures in sample preparation and in
calibration of the setup. This reduces the role of different
uncertainties and leads to important new results concerning
the influence of semiconductor conductivity on the Casimir
force. The analysis of the obtained experimental data is per-
formed at 95% confidence, and random, systematic, and total
experimental errors are determined using rigorous methods
of mathematical statistics. In particular, the experimental
data are analyzed for the presence of outlying results. The
surface roughness on both the Si plate and the Au-coated
sphere is investigated using an atomic force microscope.
This experiment (performed at 7=300 K) is shown to be
insensitive to the temperature corrections predicted by differ-
ent approaches to the thermal Casimir force (see, e.g., Refs.
[23,24]). Because of this, the experimental data are com-
pared with the Lifshitz theory at zero temperature using the
tabulated optical data for the complex refractive indices of
Au and Si [25]. Different kinds of theoretical errors and cor-
rections (in particular, the correction due to surface rough-
ness) are calculated or estimated. The resulting total theoret-
ical error is found at 95% confidence. The comparison
between experiment and theory is performed at both 95%
and 70% confidence using a rigorous statistical approach.
The theoretical results computed for the p-type B-doped Si
plate of resistivity p=0.0035 ) cm used in the experiment
are found to be consistent with the experimental data. At the
same time, the theoretical results computed for high-
resistivity (“dielectric”) Si with py=1000 {2 cm (as in the
tables of Ref. [25]) are excluded experimentally at 70% con-
fidence. Hence our experiment demonstrates how the Ca-
simir force between a metal and a semiconductor is influ-
enced by the conductivity properties of the latter. Changing
the density of free carriers inside a semiconductor by means
of doping or irradiation with light will lead to changes in the
Casimir force.

The paper is organized as follows. In Sec. II we briefly
describe the experimental setup and the sample preparation
and characterization including the determination of surface
roughness profiles. Section III describes the measurement of
the deflection coefficient, determination of the residual elec-
trostatic force and separation on contact, and calibration.
Section IV contains the measurement results for the Casimir
force and the statistical analysis of the experimental errors.
In Sec. V the theoretical results for the Casimir force be-
tween a metal and semiconductor in the experimental con-
figuration are presented and the theoretical errors are esti-
mated. In Sec. VI the comparison between experimental data
and theoretical results computed for Si samples of different
resistivity is performed. Section VII contains our conclusions
and discussion.

II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION
AND CHARACTERIZATION

To measure the Casimir force between an Au-coated
sphere and a single-crystal Si(100) plate, we have used an
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improved setup over that in Ref. [6] for both test bodies
coated by Au. In the present experiment the sphere was
coated with an Au layer of 105 nm thickness and had a di-
ameter 2R=202.6+0.3 um. It was attached to the cantilever
of an atomic force microscope. In the atomic force micros-
copy technique the force is measured through a deflection of
the cantilever attached to the sphere. The Si plate (doped
with B) had an area 5X 10mm? and thickness of 350 um.
The resistivity of the plate p=0.0035 () cm was measured
using the four-probe technique. Note that the resistivities of
metals are usually two or three orders of magnitude lower.
Because of this, our Si plate has a relatively large absorption
typical of semiconductors for all frequencies contributing to
the Casimir force at experimental separations.

The main improvements in experimental setup in com-
parison with Ref. [6] are the use of much higher vacuum and
the reduction of the uncertainty in the determination of ab-
solute separations z. A much higher vacuum (2 X 1077 Torr
instead of 3 X 1072 Torr in Ref. [6]) is needed to maintain the
chemical purity of the Si surface which otherwise oxidizes
rapidly to SiO,. The high-vacuum system is needed to pre-
vent contamination. It consists of oil-free mechanical pumps,
turbo pumps, and ion pumps. To maintain the lowest pressure
during data acquisition, only the ion pump is used. This helps
to reduce the influence of mechanical noise. The absolute
error in the determination of absolute separations z was re-
duced to Az=0.8 nm in comparison with Az=1 nm in Ref.
[6]. This was achieved by using a piezo capable of traveling
a distance of 6 um from initial separation to contact of the
test bodies (in Ref. [6] piezo movement was used only at
separations less than 2 um and the movement to larger sepa-
rations of the plate from the sphere was done mechanically).
Such large piezo extensions were also found necessary to
allow time for the decay of noise associated with the sepa-
ration of the gold sphere and plate after contact of the two
surfaces. The complete movement of the piezo, zpie,o, Was
calibrated using a fiber optic interferometer [26]. To extend
and contract the piezo, continuous triangular voltages at
0.02 Hz are applied to the piezo. Given that the experiment
is done at room temperature, application of static voltages
will lead to piezo creep and loss of position sensitivity. The
extension and contraction of the piezo were fit to terms up to
fourth order in the applied voltage. Because of this, the error
in piezo calibration practically does not contribute to Az.

As opposed to Au, the Si surface is very reactive. Because
of this, a special passivation procedure is needed to prepare it
for force measurements. For this purpose nanostrip (a com-
bination of H,O, and H,SO,) is used to clean the surface of
organics and other contaminants. This cleaning, however,
oxidizes the surface. Then 49% HF solution was used to etch
Si0,. This procedure also leads to hydrogen termination of
the surface. The hydrogen termination prevents the reoxida-
tion of the Si surface as long as it is kept in a high-vacuum
environment. The termination is stable for more than
2 weeks under the vacuum conditions described above
[28,29]. We have checked the effectiveness of the passivation
technique to prevent the contamination of the Si surface
through the measurement of the distance dependence of the
electrostatic force resulting from the residual potential differ-
ence between the interacting surfaces (see Sec. III).
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TABLE I. Fractions v, of Au surface covered by roughness with
heights #,.
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TABLE II. Fractions v, of Si surface covered by roughness with
heights #,.

k hy (nm) Uk l hy (nm) v;

1 0 8107 1 0 2.0%x107°

2 1 8.5x 107 2 0.1 8.1x 107

3 2 1.21x1073 3 0.2 8.84x 1073

4 3 1.6x 1073 4 0.3 4.27x1072

5 4 4.09x 1073 5 0.4 0.10384

6 5 4.77%1073 6 0.5 0.34379

7 6 4.71x1073 7 0.6 0.3683

8 7 5.62x1073 8 0.7 9.9 1072

9 8 1.111X1072 9 0.8 3.05%1072

10 9 1.671X1072 10 0.9 2.13x1073

11 10 2.591 %1072 11 1.0 7.0X 1073

12 11 4.148 %1072

13 12 6.052x 1072

14 13 8,644 % 102 d%ately before the Casimir force measuremer}ts in .the same

15 14 8.165 X 102 hlgh—vacqum appar.atus. As was already mentloned in Sec. I
’ the force is determined through a deflection of the cantilever.

16 15 0.15265 The calibration of the deflection signal S, which is nega-

17 16 0.1262 tive for attractive force and is measured by using two pho-

18 17 0.107 todiodes either as a current or a voltage, is done by applying

19 18 9.802x 1072 dc voltages to the Si plate. Care was taken to make Ohmic

20 19 6.958 X 1072 electrical contacts to the silicon. Direct contact to the Si plate

21 20 4.98 X 10°2 leads to large residual potentials. Because of this, the electri-

» 21 258 % 10-2 cal contact was made from a lOO-nm-.thick gold pad attached

’; » 1288 X 102 to the bottom of the plate. The electrical contact to the gold
) sphere was accomplished by applying a very thin gold coat-

24 23 6.4x107 ing to the cantilever. In addition, a small correction has to be

25 24 329x107 applied to the separation distance between the gold sphere

26 25 1.11x1073 and the Si plate due to the movement of the cantilever. The

To characterize the topographies of both samples, the Au
coating of the sphere and the surface of Si plate were inves-
tigated using an atomic force microscope. Images resulting
from the surface scan of Au coating demonstrate that the
roughness is mostly represented by the stochastically distrib-
uted distortions of about 8—22 nm. In Table I the fractions v,
of the Au coating with heights & (k=1,2,...,26) are pre-
sented in columns 3 and 2, respectively. The surface scan of
Si surface shows much smoother distortions with typical
heights from 0.4 to 0.6 nm and with a maximal height equal
to only 1 nm. The fractions v; of the Si surface with heights
h; (1=1,2,...,11) are presented in columns 3 and 2 of Table
II, respectively. Data in Tables I and II are used in Sec. V to
compute the correction to the theoretical Casimir force due
to surface roughness.

III. CALIBRATION OF THE SETUP AND
DETERMINATION OF THE RESIDUAL ELECTROSTATIC
FORCE AND SEPARATION ON CONTACT

All calibrations and determination of the residual electro-
static force and of the separation on contact are done imme-

actual separation distance z between the bottom of the gold
sphere and the Si plate is given by

2= Zpiezo t Saerm + 20> (1)

where m is the deflection coefficient in units of nm per unit
deflection signal.

The measurement of m was performed by applying differ-
ent dc voltages V between +0.2 to —0.4 V to the plate. To
find the coefficient m, the cantilever deflection signal was
measured as a function of the distance. The 0.02-Hz triangu-
lar wave was applied to the piezo to change the distance
between the sphere and plate. Larger applied voltages lead to
more cantilever deflection and therefore earlier contact of the
two surfaces. The change in the contact position of the
sphere and plate as a function of the applied voltage can then
be used to measure deflection coefficient m [6]. In order to
determine the contact of the two surfaces precisely, 32 768
data points at equal time intervals were acquired for each
force measurement. In distinction to Ref. [6], in cases where
the contact was between two neighboring data points, a lin-
ear interpolation was used to identify the exact value. The
deflection coefficient was found to be m=43.3+0.3 nm per
unit deflection signal. This value was used to correct the
separation distance in all measurements.
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FIG. 1. The deflection signal of the cantilever in responce to the
dc voltage and two square voltage pulses applied to the Si plate as
a function of separation.

The determination of the residual potential difference be-
tween the two surfaces V) was performed by the fit between
electric force measurements far away from contact (where
the Casimir force is practically zero) and exact force-distance
relation. To measure the force, the calibration of the deflec-
tion signal was performed. In this work an improved method,
rather than simple application of a dc voltage V to the plate,
was used. This was done to avoid systematic errors due to
scattered laser light. In addition to the application of the dc
voltage V to the Si plate, square voltage pulses of amplitudes
in the range +0.4 V and time interval corresponding to a
separation distance between 1 and 5 um were also applied to
the plate. The dc voltage was close to the residual potential
difference V, in order to decrease systematic errors due to
large deflections. Figure 1 shows the deflection signal of the
cantilever in response to both the applied dc voltage and the
square pulse as a function of the separation distance between
the gold sphere and Si plate. By measuring only the differ-
ence in signal during the pulse allows one to avoid the need
for a background subtraction. Also the large width of the
pulse allowed checks for the distance dependence of the re-
sidual potential and any position dependence in the calibra-
tion.

The average values of the measured electric forces as a
function of separation were used to fit the exact force-
distance relation [27]

22 coth « —n cothna

F(z) =2me(V-V,) , (2)

=l sinh na

where cosh a=1+2z/R, V is the voltage applied to the Si
plate, and g, is a permittivity of a vacuum. The nonzero
value of z at contact, z,, is due to surface roughness. This is
a distance between the zero roughness levels [see Eq. (26)
below]. For application to this experiment, Eq. (2) is conve-
niently rearranged as follows:
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6 i
F(z)=-2mey(V- Vo)zz Ci(]%) =X2)(V-Vp)?* (3)

i=—1

where
c.1=0.5, ¢y=-1.18260, «c¢,;=22.2375,
¢, =—1571.366,
c3=959245, ¢,=-90200.5, c5=383084,
ce=—300357.

Within the separation region from 1.8 to 5 um, the relative
error introduced by the use of Eq. (3) instead of Eq. (2), does
not exceed 1.5X 1075, Equation (3) at fixed separation z is
used to fit the difference signal, and the residual potential
difference was determined to be Vy=-0.114+0.002 V. The
calibration of the deflection signal was also performed using
the same procedure. The force calibration constant was de-
termined to be 1.440+0.007 nN per unit cantilever deflection
signal.

The value of V,, was found to be independent of separa-
tion. This confirms the absence of localized charges because
they would lead to dipole and other multipolar electrostatic
fields, resulting in a residual potential difference varying
with distance. As was mentioned above, the relatively high
conductivity of the Si plate, used in this experiment, is im-
portant in preventing the formation of localized charges. The
independence of V|, of separation confirms also the absence
of any contamination of the Si surface.

The separation distance on contact of the two surfaces z,
needs to be independently determined for a comparison of
the measured Casimir force to the theory. To achieve this
goal, we apply different dc voltages to the Si plate (as it was
done in the measurement of ) and measure the electrostatic
force as a function of separation. This measurement at each
voltage was repeated 5 times, and the average signal curve
was obtained. A compensation dc voltage equal to V, was
applied to the plate, and the resulting deflection signal was
subtracted from the signal corresponding to electrostatic
force curves at all other dc voltages. This procedure elimi-
nates the need for subtraction of the background and Casimir
forces from the electrostatic force curves. In difference from
Ref. [6], in the determination of z, we attempted to reduce
the role of uncertainties in V,,. The procedure used here also
gives one more way for the determination of V,, and check of
its distance independence. It is as follows: At a fixed separa-
tion z different voltages V are applied to the plate and the
electrostatic force is plotted as a function of V. The parabolic
dependence of this force [see Eq. (3)] is used to determine
the values of V, and X(z) [30]. This is repeated for many
different z. The value of V|, was found to be the same as that
determined earlier and to be independent of the separation
distance. Note that this determination is also independent of
errors in the cantilever calibration. In order to determine z,
X(z) is then plotted as a function of z and fitted to Eq. (3).
The value of z; so determined is 32.1 nm. The uncertainty in
the quantity zo+Sg.pn [see Eq. (1)] due to both the uncer-
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tainty in m and calibration was found to be 0.8 nm. As was
mentioned in Sec. II, the error in piezo calibration contrib-
utes negligibly to the error in measurement of absolute sepa-
rations Az. Because of this, with account of Eq. (1), we ar-
rive at Az=0.8 nm. (Note that in Ref. [21] for the sake of
brevity the uncertainty in zo+Sgpm was attributed to z,.)

IV. MEASUREMENT RESULTS AND EXPERIMENTAL
ERRORS

The Casimir force between the sphere and plate was mea-
sured as a function of distance. In doing so the sphere was
kept grounded while a compensating voltage V|, was applied
to the plate to cancel the residual electrostatic force. The
distance was varied continuously from large to short separa-
tions by applying continuous triangular voltages at 0.02 Hz
to the piezo. The piezo was extended to its maximum range
over 6 um. The force data F®*P'(z;) were collected at 32 768
equal time intervals as the distance between the sphere and
plate was changed. This measurement was repeated n=65
times. A great advantage of the atomic force microscopy
technique in the averaging is that the contact point between
the two surfaces z, provides a starting point for alignment of
all the 65 measurements. Nevertheless, thermal noise in the
cantilever deflection signal Sy leads to noise in the corre-
sponding separations z. To account for this in the averaging,
the separation distance is divided into a grid of 32 768 equi-
distant points separated by 0.17 nm. For each measured Ca-
simir force-distance curve, the value of the force at the grid
point is computed using linear interpolation of the neighbor-
ing two data points. Because the separation distance between
neighboring points is as small as 0.17 nm, higher-order in-
terpolation procedures were not required. Also the noise
spectrum and amplitude of the interpolated data were con-
firmed to be the same as the raw data. This allowed the
averaging of the 65 Casimir force mesurements even includ-
ing the effect of the change in the separation distance due to
the thermal noise of a cantilever.

Below we present the measurement results within the
separation range from 62.33 nm to 349.97 nm. This distance
range (containing 1693 points) is chosen for the reason that
for larger separations the experimental relative error of force
measurements caused by the noise exceeds 100% (see be-
low); i.e., the data are not informative. Data for separations
below 62.33 nm up to contact are not presented as nonlin-
earities associated with the “jump to contact” introduce un-
controllable errors into the force measurement.

For convenience we denote the separations by z;;, where
1<i=<1693 and 1=<;=<65. In the present experiment the
separations z;; with fixed i are the same in all measurement
sets—i.e., do not depend on j. The mean values of the force

n
- = 1
F;=F"(z) = ;2 F(z;) 4)
j=1
are plotted in Fig. 2 as a function of separation within the
chosen separation range. As is seen from Fig. 2, at short

separations the mean force F*P(z;) is uniform—i.e., changes
smoothly with the change of z;. Several values of the mean
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FIG. 2. The mean measured Casimir force as a function of sepa-

ration between the zero-roughness levels of a Si plate and Au
sphere.

106 150 200 250 300 350
z; (nm)

experimental force are listed in column 2 of Table III.

Before proceeding with the analysis of random errors, we
examine the experimental data for the presence of so-called
“outlying” results. For this purpose it is necessary to con-
sider the quantity [31,32]

, (5)

1 _
i = ; max|F(z;;) — F;

i

where maximum is taken with respect to j and the variance
of the force is

n 172

LS rne,)-FPy . (6)

n-135

SFi:

According to standard statistical procedure, the measurement
set j contains the outlying result at a point z; with a confi-
dence probability 8 if the inequality T;>T, ,_p is satisfied,
where T, |_g are tabulated quantities [31,32]. Usually the set
of measurements is rejected if it contains results which are
outlying at a confidence probability 90%. Using this statisti-
cal criterion we have analyzed all n=65 sets of measure-
ments and found that 7; changes from 2.4 to 2.7. For a bilat-
eral check [which is applicable because in our case the

deviations of F**?(z;;) from F,; are both positive and nega-
tive] Tgs01=3.2 [31,32]. Hence it follows that there are no
outlying results among our measurement data and all of them
should be used in the determination of the experimental er-
rors.

We start with random errors and find the variance of the
mean force

n 172

fel S -FP . ()

i n(n—1)35

)

Direct calculation shows that the variance of the mean, s Fp is
not uniform—i.e., changes stochastically in going from one
z; to another. The computational results for this variance as a
function of separation are shown in Fig. 3. To smooth the
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TABLE III. Mean experimental (F**P!) and theoretical (F theor | fitheor) Casimir forces computed for differ-
ent Si samples, differences of these forces, and their confidence intervals (E 5,5 7) at confidence prob-
abilities 95% and 70% in dependence on separation (see text for details).

z Fexpt [rtheor [theor [theor _ pexpt S 05 [theor_ prexpt o0
(nm) (PN) (PN) (PN) (PN) (PN) (PN) (PN)
62.33 -380.0 -380.5 -374.4 -0.50 15.2 5.7 7.6
69.98 -280.9 -277.9 -272.9 3.0 10.4 8.0 5.2
80.01 -196.4 -192.8 -188.9 3.6 7.1 7.5 3.55
90.04 -140.4 -139.4 -136.3 1.0 54 4.1 2.7
100.07 -106.2 -104.2 -101.7 2.0 4.5 4.5 2.25
109.93 -80.30 -80.35 -78.23 -0.05 4.1 2.1 2.05
119.96 -62.90 -63.05 -61.26 -0.15 3.9 1.64 1.95
140.02 —-40.98 —-40.96 -39.64 0.02 3.8 1.35 1.9
160.08 -26.93 -28.14 -27.11 -1.2 3.7 -0.19 1.8
180.14 -19.70 -20.18 -19.36 -0.48 3.7 0.34 1.8
200.03 -14.71 -15.02 -14.35 -0.31 3.7 0.36 1.8
250.18 -7.132 —7.968 -7.539 -0.84 3.7 -0.41 1.8
299.99 -5.221 —4.756 —4.455 0.46 3.7 0.76 1.8
variance of the mean, we have used a special procedure de- §2 gl gt = CliCy: e iCy.
veloped in mathematical statistics [33,34]. For each separa- Fh Fy

tion z; we consider N neighboring points (half of them from
the left and half from the right of z;; N=30 in this experi-
ment). Then the smoothed variance of the mean force at a
point z; is given by [33,34]

172
2

N
= | N2 Nsg | (8)
k=1 !

where A\, are the statistical weights. The two different sets of
the statistical weights can be chosen:

A = 9)

1
N’

100 150 200 250 300 350

z; (nm)

FIG. 3. The estimate for the variance of the mean measured
Casimir force as a function of plate-sphere separation.

Here we choose )\kz)\,((l) in Eq. (8). This leads to larger val-
ues of Eﬁi and, thus, is a more conservative estimate, overes-
timating the random errors. In our experiment the application
of this statistical procedure results in approximately the same
variance for all z; equal to E;iEs?z 1.5 pN.

Now we are in a position to find the absolute random
error for the Casimir force measurements in the configura-
tion of Au sphere and Si plate. Using the student’s ¢ distri-
bution with a number of degrees of freedom, f=n—-1=64,
and choosing the 95% confidence probability (8=0.95), we
obtain p=(1+/)/2=0.975 and 1,(f)=2 [35]. Thus, the abso-
lute random error does not depend on separation and is given
by

APt = 57 (f) = 3.0pN. (10)
The relative random error is defined as
Arand Fexpt
FME(g) = ———— (11)
[F(z,)]

The values of the relative random error as a function of sepa-
ration are given in the second column of Table IV. It
achieves the smallest value equal to 0.78% at the shortest
separation z=62.33 nm and increases with the increase of
separation.

There are following four systematic errors in this experi-
ment [25]: APY*'F*P'~0.82 pN due to the error in force cali-
bration, AY*'F*P'~0.55 pN due to noise when the calibra-
tion voltage is applied to the cantilever, AY*F*P'~0.31 pN
due to the instrumental sensitivity, and A}Y*F*P'~0.12 pN
due to the restrictions on computer resolution of data. Sys-
tematic errors are random quantities characterized by a uni-
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TABLE IV. Different experimental and theoretical relative errors (%) in dependence on separation (see

text for details).

% (nm) gand | rexpt SYStpexpt Stotpexpt 50 Ftheor 53 Ftheor St Ftheor
62.33 0.78 0.31 0.87 0.55 3.8 3.8
69.98 1.1 0.42 0.56 34 3.4
80.01 1.6 0.60 0.56 2.9 2.9
90.04 2.1 0.84 0.56 2.7 2.7
100.07 2.9 1.1 0.56 2.4 2.4
109.93 3.7 1.4 0.56 2.2 2.2
119.96 4.7 1.8 0.56 2.0 2.0
140.02 7.3 2.8 0.57 1.8 1.9
160.08 10 4.1 0.58 1.5 1.7
180.14 15 5.7 0.58 1.4 1.6
200.03 20 7.7 0.59 1.2 1.4
250.18 42 16 0.61 1.0 1.3
299.99 57 22 0.64 0.9 1.2

form distribution. The best estimate for their combination— ASYSUFEXPY (7

ie., for a total systematic error at a given confidence re)=—"—""". (14)

probability S—is given by [31]

J J
ASYSUEEXPt _ o 2 A?yStFeth,kg) \ }2 (A?yleexpt)Z ,
i=1 i=1

(12)

where in our experiment J=4 and kY is a tabulated coeffi-
cient. Using the value kggszl.IZ we obtain, from Eq. (12),
ASYSUFeXPt=1.17 pN at 95% confidence. In the third column of

Table IV the values of the relative systematic error

ASYStEexpt
S () = ——— (13)
|[FP ()|

are listed at different separations. As is seen from this table,
the smallest relative systematic error of 0.31% is achieved at
the shortest separation. Comparing the second and third col-
umns in Table IV, we conclude that at all separations the
magnitude of the systematic error comprises about 0.4 of the
random error.

To find the total experimental error in the Casimir force
measurements, one should combine the random and system-
atic errors obtained above. They are described by a normal
(or student) distribution and by a combination of uniform
distributions, respectively. To be very conservative, we as-
sume that the combination of systematic errors is also de-
scribed by a uniform distribution (other assumptions would
lead to a smaller total error). Different methods for combin-
ing random and systematic errors are described in literature
[31]. Here we use the rule based on the consideration of the
ratio

sFi
If the inequality r<<0.8 is satisfied, the systematic error in
most cases can be neglected and the total error at 95% con-
fidence is given by

AtotFexpt(Zi) — AmndFeth(Zi)~ (15)

If r> 8, the random error can be neglected and the total error
at the same confidence is

AtotFexpt(Zi) — AsystFeXpt(Zi) . (16)

In the region where 0.8 <r=<8§ it is reccommended [31] to use
the expression

AlOtpexpt — qﬁ[ArandFexpt + AsystFexpt] , (17)

with a maximum possible value of the coefficient g 95=0.8
determined at 95% confidence. In our case the random error
exceeds the systematic one and the value of r in Eq. (14) is
constant and close to 0.8. Because of this, to be conservative,
we choose the largest of the total errors given by Egs. (15)
and (17)—i.e., A©YF*P'=3 33 pN.

In the fourth column of Table IV we present the values of
the relative total experimental error

Aot frexpt
S (g) = ——— (18)
[FP(z,)]

at different separations. It is equal to only 0.87% at the short-
est separation and achieves 64% at a separation z
=299.99 nm. At z=350 nm the total experimental error ex-
ceeds 100%. Comparing the second, third, and fourth col-
umns in Table IV, one can conclude that at all separations the
major contribution to the total experimental error is given by
the random error.
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V. THEORETICAL APPROACH TO THE CASIMIR FORCE
BETWEEN METAL AND SEMICONDUCTOR

As was demonstrated in the preceding section, the lowest
total experimental errors ranging from 0.87% to 5.3% are
achieved at separations z=< 120 nm. At such short separations
the thermal effects are not important (see below for the mag-
nitudes of predicted thermal corrections) and one can use the
Lifshitz formula at zero temperature for the Casimir (van der
Waals) force acting between a Si plate and an Au sphere:

F(z) = h—Rf kldkif dé{In[1 - Vﬁl)(§,ki)rﬁ2)(§,ki)e‘2m]
2w ), 0

+1n[1 - D&k )P gk, )e 4T} (19)

Here the reflection coefficients for two independent polariza-
tions of the electromagnetic field are

) (; () ()
(») _e"i®g-k" ) _k"-q
r”p (f,kj_)— s(p)(l.g)q_i_k(p)v I’f (f,kj_)— k(p)+q’
(20)
where
& 2 N
P=Ik + o kP =12 + 80’)(15);. (21)

eP(w) is the dielectric permittivity of Au (p=1) and Si (p
=2), and k, is the magnitude of the wave vector projection
on the Si plate. Note that in Eq. (19) we have replaced a
105-nm Au layer for an Au semispace. Using the Lifshitz
formula for layered structures [13], it is easy to calculate the
force error due to this replacement. At a typical separation of
100 nm it is only 0.0095%, thus justifying the use of the
semispace.

The dielectric permittivities of Au and Si along the imagi-
nary frequency axis are computed by means of the dispersion
relation

o Im £?(w)

0+ & 22)

P& =1+ %f dw
T

where Im ) (w) are calculated using the tabulated optical

data for the complex index of refraction [25]. For Au the data

for ®=0.125 eV are available (1 eV=1.519 X 10'° rad/s).

To obtain £1(i€) by Eq. (22) with sufficient precision one

should extrapolate the tabulated data to the region of smaller

frequencies. This is usually done (see, e.g., Ref. [36]) with

the help of the imaginary part of the Drude dielectric func-
tion:

w71
Im eV(w) = —2——, (23)
w(w®+ Y1)

where w;l)=9.0 eV and y'"=0.035 eV are the plasma fre-
quency and relaxation parameter of Au, respectively. The
most precise computational results for £V(i¢) using this pro-
cedure are presented in Ref. [36].

For dielectric Si with a resistivity po=1000  cm the
tabulated data for the complex refractive index are available
for @>0.00496 eV [25]. Thus, there is no need for any
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FIG. 4. Dielectric permittivity of Si plate used in experiment
along the imaginary frequency axis (solid line). The dashed line
shows the dielectric permittivity £2(i&) of a dielectric Si.

extrapolation of data to smaller frequencies. The computa-
tional result for the dielectric permittivity of dielectric Si
along the imaginary frequency axis, £2(i¢), was obtained in
Ref. [36]. It is shown by the dashed line in Fig. 4. This line
can be extended to zero frequency, leading to the value of the
static dielectric permittivity of Si, &2 (0)=11.67. The values
of £?(i¢) can be used in precise computations of the Casimir
and van der Waals interactions between the test bodies made
of dielectric Si. Note that the use of the analytical approxi-
mation for £2)(i£), suggested in Ref. [37], leads to about
10% error in the magnitudes of the Casimir force and, thus,
is not suitable for the comparison with precise measure-
ments.

In our experiment, however, the Si plate of much lower
resistivity p=0.0035 ) cm than in tables is used. This resis-
tivity corresponds to B-doped Si. The plasma frequency for
such Si is equal to

-
e\n

w? = : =~ 7 X 10" rad/s. (24)
\'Som

Here the doping concentration leads to a carrier density n
~(2.9-3.2) X 10" cm™. This value of n corresponding to
the sample of resistivity p=0.0035 ) cm was obtained from
Fig. 2.18 in Ref. [38]. The optical effective mass for B-doped
Si used in this experiment is m*=0.206m, [39]. The respec-
tive relaxation parameter of the Drude model, 7(2), is deter-
mined from 'y(2)=80pw;2)2z 1.5 10" rad/s. Since the opti-
cal properties of Si at the frequencies making a non-
negligible contribution to the Casimir force depend on the
concentration of charge carriers, the optical data of dielectric
Si should be adapted for our case. This is achieved [25] by
adding the imaginary part of the Drude dielectric function to
the imaginary part of the dielectric permittivity obtained
from tables. For our Si plate of lower resistivity p this results
in

)7
Oig) = 52i) + T2 (25)
e gNié) + .
EE++7)
In Fig. 4 the dependence of ¢ on frequency is shown by the
solid line. Once the dielectric permittivities of Au and Si
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along the imaginary frequency axis have been computed, the
Casimir force can be found by Egs. (19)-(21).

For comparison of theory with experiment, the theoretical
results obtained using the Lifshitz formula should be cor-
rected for the presence of surface roughness [6,13]. The to-
pography data in Tables I and II of Sec. II allow one to
determine the zero-roughness levels Hg’) relative to which
the mean values of the functions, describing roughness, are
Zer0:

26 11
E (Hél)_hk)vk=2 (HE)Z)_hl)Ul=O~ (26)
k=1 I=1

Calculations using Tables I and II lead to Hé]):15.352 nm
and H82)=0.545 nm. As was mentioned in Sec. III, all abso-
lute separations between the test bodies are measured be-
tween the zero-roughness levels determined in Eq. (26). This
permits one to achieve rather low absolute error in separation
measurements (Az=0.8 nm in this experiment) in spite of the
fact that the roughness heights 7, are much larger (at least on
the sphere).

In the framework of the additive approach [13] the Ca-
simir force corrected for the presence of roughness can be
calculated as

26 11

Ftheor(zl_) — E 2 UkU[F(Z[ + Hg)l) + H(()Z) — hk - h[), (27)
k=1 I=1

where F is given by the Lifshitz formula (19). In this experi-
ment the influence of surface roughness is very moderate.
For example, if the separation increases from
62.33 to 100.07 nm, the ratio F"*"/F computed using Egs.
(19) and (27) decreases from 1.015 to 1.006. Thus, the con-
tribution of surface roughness achieves the maximum value
of 1.5% at the shortest separation and decreases to only 0.6%
at z=100.07 nm. Note that Eq. (27) takes into account the
nonmultiplicative effects in corrections due to surface rough-
ness and to realistic conductivity properties. A more simple
multiplicative approach describes the surface roughness by
the stochastic functions and presents the theoretical force in
the form [13]
DR

2 6{2) 2
sl oo (2] +(2) ). en

where the variances of the random processes describing the
stochastic roughness are given by

2% 12
53) - [E (Hgl) - hk)ka] =3.446 nm, (29)
k=1

11 12
53): [2 (Hé)z)—hz)zvll =0.111 nm.
=1

Calculations using Eq. (28) show that the ratio FM'/F
changes from 1.019 to 1.007 when separation increases from
62.33 to 100.07 nm. Thus, the maximal error of the multipli-
cation approach in comparison with Eq. (27) is only 0.4%. At
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z=100.07 nm the error of the multiplication approach de-
creases to 0.1% of the force.

It is well known that the additive approach is the approxi-
mative one and there are corrections to Eq. (27) due to
diffraction-type and correlation effects [40,41]. For the case
of Au-Au test bodies these corrections were estimated in Ref.
[6] using the results of Ref. [40]. In our case of Au and Si
test bodies the upper limit for the ratio F1*"/F computed
within the multiplicative approach with account of the con-
tribution of diffraction and correlation effects is 1.0204 at the
shortest separation. This should be compared with 1.019
(where these effects were neglected), leading to only a
0.14% difference. It is easily seen that the contribution of
diffraction and correlation effects remains negligible over the
separation range where the present experiment achieves high
precision. At larger separations, however, where the contri-
bution of these effects in the roughness correction increases,
the complete roughness correction becomes negligible and
the precision of the measurement decreases (see the second
paper in Ref. [6] for more details).

Now we discuss the theoretical errors which may occur in
the computation of the Casimir force using Egs. (19) and
(27). The first error 8, F"°°" arises from the variations of the
tabulated optical data for the complex index of refraction for
both Au and dielectric Si (recall that we have taken these
data from tables in Ref. [25]). As was shown in Ref. [6], this
error is no larger than 0.5%. Being conservative, we set
8, F"r=0.5% at all separations. In addition the tabulated
optical data of the dielectric Si have to be modified due to
the use of B-doped Si according to Eq. (25). Note that the
calculation results for the Casimir force are rather stable to
the change of the Drude model parameters. Thus, a change of
w? even by a factor of 1.5 leads to less than a 1% change in
the Casimir force within the separation region from
62 to 150 nm. At the same time, the plasma frequency of our
Si plate with the resistivity p is greater by a factor of about
3000 than the plasma frequency of dielectric Si with the
resistivity pog. There may occur rare Au samples of bad qual-
ity leading to up to 2% deviations in the Casimir force at
short separations in comparison with that computed using the
tables. If such a sample were used in the experiment, the
theoretical Casimir force would deviate from the experimen-
tal data. Such deviations of the theory from experiment must
be considered not as an error (note that they can only dimin-
ish the magnitude of the Casimir force) but as a correction
similar to the roughness correction. The verification of the
hypothesis of the presence of such types of corrections can
be easily performed with the help of standard statistical pro-
cedures.

A second theoretical error is caused by the use of the
proximity force theorem in Eq. (19). The exact value for the
Casimir force in the configuration of a sphere above a plate
is still unknown. Its magnitude may be both smaller or larger
with equal probability than the estimate given by the prox-
imity force theorem. The upper limit of the error introduced
by the use of the proximity force theorem was estimated as
SF"r=7/R [42,43].

Both errors 8 F"°" and 8 F"" are described by a uni-
form distribution and, thus, are analogous to systematic er-
rors. They can be combined by using Eq. (12) with J=2,
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kg;sz 1.10, which is applicable to both absolute and relative

errors. The values of the obtained theoretical error, 501*'“‘6‘”,
are presented in the fifth column of Table IV at different
separations. This combined error slowly increases with the
increase of separation and takes values between 0.55% and
0.64%.

In addition to the theoretical errors 8,F"" and &,Fter
discussed above, there exist the uncertainties due to patch
potentials, nonlocal effects, and those due to the finite size of
the plate which are not taken into account in Egs. (19) and
(27). All these uncertainties are shown to be negligibly small
[6,12] and, thus, are neglected in the calculation of theoreti-
cal errors.

There is one more effect which is not taken into account
in full in Eq. (19) but merits consideration. The measure-
ments were performed at T=300 K. However, Eq. (19) is
written in the form of an integral over the imaginary fre-
quency which is related to zero temperature. The problem of
the thermal Casimir force between conducting materials has
been a matter of debate over the last few years, and two
different approaches to its resolution were suggested (see,
e.g., Refs. [23,24]). According to Ref. [23], the thermal cor-
rections at short separations are negligibly small for any con-
ducting materials, in qualitative agreement with the case of
ideal metals [13]. On the contrary, Ref. [24] predicts a ther-
mal correction which can be several hundreds times greater
than that for ideal metals at short separations. In our experi-
ment, however, even the large thermal correction predicted in
Ref. [24] is negligibly small. For example, for an Au sphere
and Si plate of resistivity p at z=60 nm the approach of Ref.
[24] leads to a thermal correction equal to 0.015% of the
zero-temperature force. This correction increases up to
0.039% at z=90 nm and to 0.13% at z=120 nm. With in-
creasing separation, however, the precision of the measure-
ments decreases more rapidly, so that the predicted thermal
correction remains negligible. For an Au sphere above a
plate made of dielectric Si, the thermal correction is even
smaller. Thus, at z=100 nm it is equal to only 0.005% of the
zero-temperature force. It should also be noted that the opti-
cal properties of the materials are determined not at zero but
at room temperature. Because of this, even the Lifshitz for-
mula (19) includes some dependence of temperature as a
parameter. Thus the use of the Lifshitz formula at zero tem-
perature for the comparison with experimental data is well
justified.

In the foregoing we did not discuss one more error which
is in fact not theoretical but plays some role in the compari-
son of theory with experiment. This arises from the fact that
the theoretical force should be calculated in the experimental
points z; which are determined with an error Az [44]. Bearing
in mind that the leading theoretical dependence has the form
R/Z3, this leads to an error 5;F"°'=0.95(AR/R+3Az/z) de-
termined at 95% confidence. The values of 8;F"" at differ-
ent separations are presented in column 6 of Table IV. It is
seen that at the shortest separation &;F1*'=38%—i.e.,
much larger than the proper theoretical error §,F". At z
=299.99 nm, &F"° =0.9%—i.e., also larger than &,Fhe.
In a conservative way the errors §F"°" and 8;F"*°" can be
combined using the analogs of Egs. (16) and (17) written in
terms of relative errors. Thus, we obtain what we call the
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total theoretical error &°'F™°r at 95% confidence presented
in column 7 of Table IV as a function of separation. Com-
paring column 7 with column 5, we conclude that the error in
the theoretical forces due to uncertainties in experimental
separations is in fact the most important factor in the deter-
mination of the total theoretical error at short separations.
This concludes the analysis of the theoretical errors.

Using Egs. (19) and (27), the Casimir forces F"'(z,)
were computed at all experimental points for the sample of
resistivity p used in experiment. A few results at different
separations are presented in column 3 of Table III. Column 5

of Table III contains typical differences F"o"(z,) — F*PY(z,) at
different z;. The same computation was repeated for dielec-

tric Si, resulting in Casimir forces F"*'(z,) presented in col-
umn 4 of Table IIl. The typical differences FM(z,)

— Fe*P(z,) are listed in column 7 of the same table. The com-
parison of both sets of theoretical computations with experi-
ment using a rigorous statistical approach is performed in the
next section.

VI. COMPARISON OF EXPERIMENT AND THEORY AS A
TEST FOR CONDUCTIVITY PROPERTIES

To compare experiment with theory, we consider the ran-
dom quantity F§(z,)—F**P(z,), where Fi®" is a stochastic

function with a mean F' }?e"rzF‘he"r. In fact, in Sec. V we have
discussed the uncertainties of just this stochastic function
Fieor and not of the usual function F"" computed by the
Lifshitz formula (19) and corrected for the presence of
roughness in Eq. (27). Thus, it is implied that AFFr
= A Ftheor The absolute error of F}?e"r(z,-)—F xXPl(z,) at 95%
confidence is denoted by =gs. It can be found using the
composition rule (12) with J=2 and kgfgsz 1.1:

Eo.s(z) = min{A' F"(z)) + AF*(z),1.1
X \,,/[AtolFtheor(Zi)]2 + [AlotFexpl(Zi)]2}' (30)

Note that Eq. (30) provides us with the most conservative
estimate for this error because it is obtained under a suppo-
sition that both F'°*(z;) and F***(z,) are described by a uni-
form distribution. For other distribution laws the absolute
error =95 would be smaller. The confidence interval for the

mean value F%'(z;)—F(z) of the random quantity
FiRe0 () = F(z,) is [~E.05(2;) E0.05(z))]. By the construc-
tion of this interval, the mean F"*"(z;) — F**P\(z,) must belong
to it at 95% confidence. The typical values of = o5 at differ-
ent separations are listed in column 6 of Table III.

In the comparison of experiment with theory we will also
need the confidence interval [-5 4,5 ] obtained at 70%
confidence. It is well known that for the normal distribution

% _ 10.975(%) _9 G1)
Bos  togs(®)

The distribution law of F}?eor(zi)—Fe"p‘(zi) can be investi-
gated by using the method for testing hypotheses about the
form of the distribution function of a random quantity [31].
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FIG. 5. (Color online) Differences of the theoretical and mean
experimental Casimir forces vs separation. Theoretical forces are
computed for (a) the Si plate used in experiment and (b) for dielec-
tric Si. Solid and dashed lines indicate 95% and 70% confidence
intervals, respectively.

As a result we find that the hypothesis of a normal distribu-
tion is confirmed at all separations at probabilities larger than
70%. Note that for other distributions, distinct from the nor-
mal, E95/E07>2 holds. Thus, by putting below =4(z;)
=FEs(z;))/2, we are in fact conservative in the error analysis
as the confidence interval is wider than required.

Now we are in a position to compare experiment with
theory. In Fig. 5(a) we plot the differences FM°'(z;)

—F(z,) for all experimental points over the separation
range from 62.33 to 150 nm where the total experimental er-
ror is less than 10%. The theoretical forces are computed as
described in Sec. V for the Si sample of conductivity p used
in experiment. The solid lines indicate the confidence inter-
val [=E.0s5(z;)» E095(z;)]. Dashed lines show the confidence
interval [-24(z;),207(z;)]. As is seen from Fig. 5(a), ex-
periment and theory are consistent with the 95% confidence
interval. In fact, not only 95% of individual points but all of
them belong to the 95% confidence interval. What is more,
not 30% (as is permitted at 70% confidence) but only 10% of
all individual points are outside of the 70% confidence inter-
val. This is a clear manifestation of the fact that the theory is
in excellent agreement with experiment and that the above
error analysis is very conservative in overestimating the
above discussed errors and uncertainties. The main reason
for the overestimation is that we do not know the exact mag-
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FIG. 6. Differences of the theoretical and mean experimental
Casimir forces vs separation plotted on an enlarged scale. Theoret-
ical forces are computed (a) for the Si plate used in experiment and
(b) for dielectric Si. Solid and dashed lines indicate 95% and 70%
confidence intervals, respectively.

nitudes of the theoretical errors (such as due to sample-to-
sample variation of the optical data for Au and dielectric Si,
use of the proximity force theorem, or uncertainties in sur-
face separations) and have therefore replaced them with their
upper limits in Sec. V.

In Fig. 5(b) the same information as in Fig. 5(a), is pre-

sented but the differences FM(z,)— F*P(z,) are computed
with the theoretical forces for dielectric Si. As is seen from
Fig. 5(b), many points at all separations are outside the 70%
confidence interval and practically all of them at z

<100 nm. In Fig. 6, we present the differences F™heor— Fexpt

and Ftheor_ pexpt respectively, on an enlarged scale within the
separation range from 60 to 100 nm. From Fig. 6(a) it is
seen that the theory for the sample of conductivity p, used in
experiment, is consistent with experimental data. There are
no points outside of 95% confidence interval, and less than
3% of all points are outside of 70% confidence interval (once
again, this is the indication that the errors were overesti-
mated). A completely different situation is observed in Fig.
6(b). Here almost all points representing the differences
Ftheor(z ) Fexpt(z) computed for dielectric Si (except for
two) are outside the 70% confidence interval. What this
means is the theory for the dielectric Si is rejected by experi-
ment at 70% confidence within the separation range from

022103-11



CHEN et al.

|F'| (pN)

350

300 3

250

200

150 A

65 70 75 80 85 90 95 100

z; {nm)
(a)

|F'| (pN)

350 3

300

250

200 S

150

65 70 75 80 85 90 95 100

(b) 2z; {nm)

FIG. 7. The magnitudes of the experimental Casimir forces with
their error bars vs separation for the points (a) 1, 11, 21,... and (b)
5, 15, 25,.... Solid lines show the theoretical dependence for the
sample used in experiment and dashed lines for the dielectric Si.

60 to 100 nm. The consistency of the experimental data with
the theoretical forces F""(z,) and the rejection of the theory
for dielectric Si at 70% confidence demonstrates the influ-
ence of semiconductor conductivity on the Casimir force be-
tween a metal and semiconductor.

This conclusion made using the rigorous statistical ap-
proach is illustrated in a more usual way in Fig. 7 where the
experimental points are plotted with their error bars
(xAz, £ AY'Fe*PY and the theoretical dependences for the
conductive and dielectric Si are shown by the solid and
dashed lines, respectively. It is not possible to plot all experi-
mental points with error bars within a wide separation range
from 60 to 100 nm. Because of this, to demonstrate that the
result does not depend on the selection of points, we plot
points 1,11,21,... in Fig. 7(a) and points 5,15,25,... in Fig.
7(b). As is seen from Fig. 7, the solid lines are in very good
agreement with experiment, whereas the dashed lines deviate
significantly from experimental data. There are no noticeable
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FIG. 8. The magnitudes of the experimental Casimir forces with
their error bars vs separation. Solid line shows the theoretical de-
pendence for the sample used in experiment and dashed line for the
dielectric Si

differences between figures obtained from different subsets
of data. For a more narrow range of separations from
75 to 90 nm, in Fig. 8 we plot all experimental points with
their error bars and also theoretical lines for conductive
(solid line) and dielectric (dashed line) Si. Once again, the
solid line is consistent with experiment, whereas the dashed
line is inconsistent. It should be emphasized, however, that
the results of the rigorous statistical analysis, presented in
Figs. 5 and 6, are found at definite confidence probabilities
and, thus, are more informative than the qualitative results
reflected in the more conventional figures 7 and 8.

VII. CONCLUSIONS AND DISCUSSION

In this paper we have continued the experimental investi-
gation of the Casimir force between a metal and a semicon-
ductor which had been started in Ref. [21]. The variety of
electrical properties inherent to semiconductors makes them
attractive candidates for modifying the Casimir force by
changing some of these properties, such as the resistivity. In
Ref. [21] it was only shown that in the Au-Si system the
Casimir force decreases more rapidly with separation than
for Au-Au test bodies. Here we demonstrate that the mea-
surement of the Casimir force can be used as an experimental
test for semiconductor conductivity properties. The measured
force-distance relation for a Si plate of definite resistivity p
was compared with two theoretical values—first, for the
sample, used in experiment and, second, for a similar sample
made of dielectric Si. As was demonstrated in Sec. VI, the
first computation is consistent with the data, whereas the
second is rejected by the experiment at 70% confidence.
Thus, the measurement data for the Casimir force between a
metal and semiconductor are sensitive to semiconductor con-
ductivity properties.

To achieve these results, a precision measurement of the
Casimir force was performed in high vacuum between a spe-
cially prepared and characterized Si plate and Au-coated
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sphere. The total relative experimental error of this measure-
ment changes from 0.87% to 5.3% in the separation range
from 62.33 to 119.96 nm. Within the same separation range
the total theoretical error decreases from 3.8% to 2.0%. The
measure of agreement between experiment and theory for the
conductive semiconductor at 70% confidence is of about 2%
within the separation range from 62.33 to 100.07 nm. Our
conclusion that the experimental data reject the hypothesis of
the dielectric Si was obtained at 70% confidence. This is in
fact strong evidence considering the conservative character
of the statistical analysis used.

The demonstrated dependence of the Casimir force be-
tween a metal and semiconductor on the conductivity prop-
erties of the latter can be applied to semiconductor microde-
vices. The density of charge carriers in semiconductors can
be changed either by doping and/or with time due to irradia-
tion of the semiconductor by laser light. The change of con-
ductivity properties results in the modulation of the Casimir
force. New experiments on modifying the Casimir force be-
tween metal and semiconductor test bodies are planned using
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semiconductors of different conductivity due to different
doping and irradiation by laser light.

Of special interest is the measurement of the thermal ef-
fect in the Casimir force between both metals and semicon-
ductors. The present experiment is aimed at a better under-
standing of the influence of semiconductor conductivity
properties on the Casimir force and does not have enough
sensitivity to measure the thermal corrections. A discussion
of various proposed experiments on the measurement of the
thermal Casimir force at both short and large separations can
be found in Refs. [45-50].
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