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Novel interferometers for length and displacement measurements based on sampling an
optica standing wave will be presented. The interference of two laser beams propagating in
opposite direction results in a sinusoidal light intensity profile, which can be detected by thin
transparent photodiodes based on amorphous silicon. Two individual detectors positioned on
the optical axis of a standing wave allow bi-directional fringe counting. The operation
principle of set-ups consisting of two individua nip-photodiodes on one hand and a phase
sensitive transparent photodiode based on two integrated nip-diodes on the other hand will be
discussed. With both set-ups Lissajous figures are detected demonstrating the feasibility of the
new concept for length and displacement measurements.
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1. Introduction

Interferometric measurements of the length or rdated physical vaues are imported in the
areas where nanoscal e resolution is combined with large measuring ranges which varies from a few
tenth of a micrometer to meters. Typical applications are in the field of high predsion measurements
or positioning of objects with a nanometer accuracy which become more and more important in
industrial manufacturing processes. The state-of-the-art set-up for these tasks is the Michdson
interferometer. These conventional interferometers are based on the splitting of alaser beam into two
part-beams and their superposition in the same propagation direction [1, 2].

As an aternative to the standard gpproach, two nove interferometers utilizing the
interferences of waves propagating in opposite direction will be presented. For technica application
as wavelength sensitive detectors [3], interferometers [4, 5] and spectrometers [6, 7], the use of the
effect of a standing wave has been discussed recently, however, the fabrication of such devices has
been limited by technologica reasons. The detector systems based on sampling a standing wave are of
high interest due to the simple set-up and the possibility to reduce the size and the number of
components to a minimum. The genera operation principle of a standing wave interferometer is based
on the detection of the displacement of a standing wave by a transparent diode with an absorption
layer thinner than the wave ength of the incident light in the material. The operation principle of
interferometers based on sampling a standing wave is illustrated in Fig. 1. The standing wave is
formed in front of a plane mirror due to the interference of the light beam striking orthogonally onto
the plane mirror and the reflected beam. The interference pattern is characterized by the minima and
maxima of the intensity. Introducing a transparent detector into the standing wave alows us to
measure the intensity pattern at a specific position [8, 9] when the standing wave is not significantly
affected by the detector. Varying the position of the mirror results in a phase shift of the standing
wave and consequently to a change in the optical generation profile within the diode.
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Fig. 1. Sketch of the operation principle of a standing wave interferometer.

A second detector is used for recognizing the direction of the reative movement between the
mirror and the detectors [4, 10]. Thus, bi-directional fringe counting is possible. The distance between
the two centers of the absorption layers of the detectors renders the optical retardation between the
diodes. The phase between the photocurrents of the detectors forms dliptic Lissgous figures, when
the signals are displayed on the x- and y-channe of an oscilloscope. In this kind of system, the
rel ative displacement of the mirror and the detectors can be determined with an accuracy of £A/2.

The performance of interferometric sensors is mainly determined by the design of the diodes
due to the interaction of the standing wave and the sensor. In order to achieve a high sensor
performance certain conditions have to be fulfilled: (i) high transparency of the sensor to avoid a
disturbance of the standing wave pattern, (ii) high cut-off frequency, which is mainly determined by
the product of the geometric capacitance of the detector and the resistance of the transparent contacts,
(iii) low dark current to achieve a high dynamic and (iv) a nearly sinusoidal signal of the
photocurrent with a wide difference between the maximum and the mini mum photocurrent, when the
detector is employed into a standing wave.

Promising materials and technologies for the fabrication of these kinds of detectors are
amorphous silicon and its alloys prepared by plasma enhanced chemical vapor deposition (PECVD) a
low temperature and transparent conductive oxide (TCO) prepared by sputtering. Such deposition
techniques offer the possibility of a low cost production on large area and take benefit from the
growing market in the area of flat panel displays and thin-film silicon solar cells. Amorphous silicon
exhibits a high photosensitivity from the UVA (ultra violet A) to the near IR (infrared) part of the
spectrum [11, 12]. In order to match the demand of different applications, the optica band gap as well
asthetransport properties of amorphous silicon based materials can be controlled over a wide spectral
range by varying the deposition conditions to fabricate novel devices e.g. color sensors and sensor
arrays[13].

In generd, different device structures e.g. photo resistor, photo trans stor or photodiode can be
used as a transparent detector. For the present purpose, a n-i-p photodiode of amorphous silicon and
its alloys is most advantageous, because this device structure permits the optimization of the optical
and dectrical properties to a certain extent independently from each other [8]. The application of n-i-p
diodes with an ultra thin absorber layer (d < 50 nm) ranges from UV -sensitive detectors up to micro
interferometric sensors and sensors for spectral imaging. Such ultra-thin sensors will have also an
important contribution to micro-machining applications [14].

In this paper we compare two possible set-ups which demonstrate the feasibility of our
concept. For the first set-up, two individual nip-photodiodes are instaled in the standing wave. Each
single nip-diode, as shown in Fig. 2a, is manufactured from amorphous silicon based materias
embedded between two TCO layers on a glass substrate. The TCO acts both as contact layer and anti-
reflection coating. Mainly, the photo-generated carriers within the intrinsic layer of the nip-diode
determine the photocurrent of the detector. The two devices installed orthogonally on the optical axis
generate two signals which can be used for the displacement measurements.
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Fig. 2. Detector design of asingle n-i-p diode (a) and a phase sensitive transparent
detector, PSTD (b).

The second set-up presents a simpler set-up of the interferometer which can be implemented
with an assembly as shown in Fig. 2b. It shows an integrated sol ution of two photodiodes, a so-called
phase-sensitive transparent detector (PSTD). The optica retardation between the centers of the
absorber layers, which determines the phase shift between the two diodes, can not be tuned after the
fabrication process of PSTD is completed. However, this solution is preferable due to the simplicity of
the optical set-up, which promises a reduction of cost and dimension compared to state-of-the-art
interferometers.

2. Experiment

A 10 x 10 cm? Corning glass (type 1737F, 1,1 mm thickness) was used as substrate for the
thin-film devices. The preparation of the TCO layers was performed by rf-magnetron sputtering of
aluminium doped zinc oxide (ZnO) [15]. In order to achieve a high conductivity for TCO, the layer is
prepared at 400 °C whereas TCO,, and TCOy were sputtered at room temperature to prevent a
damage of the amorphous layer system. The amorphous silicon and its aloy layers were deposited in
amulti-chamber PECVD system at 210 °C as a n-i-p layer sequence. In order to vary the optica band
gap (Eg) of the absorber layer the layers were prepared using a gas mixture of silane, methane and
hydrogen. The optical band gap increase with enhanced carbon content. The absorber layer
investigated here consist of amorphous silicon (a-Si:H) and amorphous silicon carbide (a-SiC:H) and
hasan Eg of 1.75 eV and 2.0 eV, respectivey. The p-layer was redlized withaSIC:H (Eg=1.9 eV),
wheress the nlayer consists of aSi:H (Eg = 1.75 eV). P- and n-type doping of these layers were
performed by adding trimethylboron and phosphine to the process gases, respectively [12]. Since the
thickness of the amorphous layer system is beow 100 nm, special efforts were attempted to avoid
shunt problems, eg. the sputtering rate for TCO,;, and TCOy was lowered to keep the kinetic energy
of the striking particles low. More details on the sputtering and the deposition parameters can be
found elsewhere[12, 15].

The detectors were patterned using photolithography and reactive ion etching. The single
diode (Fig. 2a) and diode, of the PSTD (Fig. 2b) has an area of 10.7 mm?. The area of diode, was
8.9 mm? to enable a contacting of the underlying diode;. The photocurrent measurements within the
standing wave are performed using a stabilized He-Nelaser (A = 633 nm) with a power of 1.65 mWw.
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3. Results and discussion
3.1 Optical propertiesof ultra-thin transparent diodes

Animportant criterion of a standing wave detector is its transparency, which depends on the
multi-layer stack design. The detector is optimized for high transmisson and low reflection a
A =633 nm, which is the wavd ength of the He-Ne laser. Therefore, the optical thickness of the TCO;-
nip-TCO,, layer stack (Fig. 2a) hasto be ko* Ageice/2. Consequently, the optical thickness of the layer
stack should be equd to (Ki*Atcol4):(Anp/2):(Ki*Arcold) with ko, ki = 1, 2, 3,... . Fig. 3 exhibits
simulated reflection spectra from standing wave detectors with different TCO layer thicknesses. The
simulations were carried out for 1 < k; < 5. Using the opticd refractive index of the TCO a
A = 633 nm leads to a TCO layer thickness of around k;*83nm. Only for k; = 1 the reflection (R)
shows a broad minimum between 550 and 750 nm. With increasing ki the region, where the minimum
in R is observed, shrinks and consequently, the device becomes more sensitive to small thickness
variations. If the TCO layer is used as an anti-reflection coating (odd k; values) the reflection of the
device is significantly reduced in the vicinity of the minimum compared to simulations with even k;
values. Particularly for even k; values, a small mismatch of the TCO layer thickness results in a shift
of the minimum of the refl ection and a sharp increase of the reflection at 633 nm. The deviation of the
layer thickness from the ideal value can be caused by variations of the deposition conditions. The
simulated curves arein good agreement with the measured data (not shown), when a measuring set-up
with a light source (eg. halogen lamp) with a coherence length in the micrometer range is used.
Similar conditions are also given if the spectral sensitivity of the device is measured using a
differential spectrd response (DSR)-measurement set-up. However, applying a light source with a
long coherence length results in relativdy short wavd ength oscillations in the refl ectance spectra as
calculated in Fig. 4. The figure shows the simulated reflectance of a transparent detector based on a
(B Arco/4):(Anip/ 2):(3*Acof4) layer stack taking into account coherent and incoherent wave
propagation through the glass substrate with a thickness of 1.1 mm [17, 18]. These oscillations can be
experimentally observed when a light source is applied with a coherence length longer than twice the
thickness of the glass substrate A light source with a coherence length between several meters and
kilometers is the He-Ne laser [16]. Thus, Fig. 4 implies that a certain difference between the
characteristics of R, T and DSR and the red performance of the device (detector within the standing
wave) can come from the different coherent length of the light source due to interferences within the
glass substrate.
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Fig. 3. Calculated reflectance of a multi-layer stack glass-TCO,:nip:TCO,,. The optical thickness of the
thinfilm system is (ky* Atco/4):(Anip/2):(Ki* Atco/4). ks was varied from 1to 5. For the simulations only
incoherent wave propagation was considered within the glass substrate.
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The thickness of the transparent conductive layers has also a significant influence on the
eectrical behavior of the detector. The conductivity of the aluminium doped ZnO and conseguently
the cut-off frequency of the device improves with increasing layer thickness. Particularly, the impact
of the nudeation region of the ZnO layers limits the conductivity of thin layers [19]. Consequently,
the optimized design concept consists of a n-i-p diode with a thickness of Ai/2 and a TCO front and
back contact with an optical thickness of around 3\ co/4.

0,7

Coherent
06 = Incoherent

0,5
0,4

0,3

Reflectance

0,2
0,1

i
0,0

01l . . . . . . .
300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Fig. 4. Caculated reflectance of a stack glass-TCO;:nip: TCO,,. The thickness of the system is
(3*Arco4):(Mnip/2):(3* Arco/4) and coherent and incoherent wave propagation within the
glass substrate were taken into account.

3.2 Optoelectronic properties of ultra-thin transparent diodes

The design of the n-i-p diode is investigated in more detail to determine the optimal i-layer
thickness. A standing wave can be described by the superposition of two waves propagating in
opposite directions. The spatial intensity distribution within the i-layer of the diode can be described
asfollows:

0= 10T el o) <z, e rood P 0 x)e2e ) |

loistheincident light intensity, T,(A) correspondsto an internal transmission of the detector up to the
i-layer, and a; isthe absorption coefficient of thei-layer. T, and &, are the amplitude and the phase

of the transmittance of the layer system behind the i-layer. The first term e “* of Eq. (1) originates
from the eectric fidd propagation into positive direction. The positive direction means the direction

of the incident light. The second term ™ (20 %) describes the dectric field propagation into negative
direction. The third term is due to interference effects of the two waves. Assuming a sufficiently low
absorption, no reflectance of the detector, and an ideal plane mirror the intensity distribution within

thei-layer (1i(x)) is given by:
ar
1,(x)= |0(2— ZCos(Tni &jj )

Theintensity varies between 0 and 4l,. For detectors with an infinitely thin absorber layer the
interference pattern according to EqQ. (2) can be recorded. However, the optoe ectroni c properties of an
amorphous diode without an i-layer shows a low photosensitivity and a high dark current [20]. To
estimate the influence of the i-layer thickness on the device performance we have calculated the
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expected photocurrent as a function of the i-layer thickness by the use of Eqg. (2). For these
calculations we have considered that the photo-generated carriers within the i-layer dominantly
contribute to the photocurrent. The photocurrent is nearly proportional to the integration of the spatia
intensity distribution within the i-layer. Fig. 5 shows the cal culated photocurrents as a function of the
normalized absorber layer thickness when the center of the i-layer is located at a maximum or at a
minimum of a standing wave. An absorber layer positioned at an intensity minimum or maximum
resultsinaminimal photocurrent imin Or maximal photocurrent imx, respectively. As plotted in Fig. 5,
both extrema values increase with increasing i-layer thickness. The difference between the extremal
values, indicated by the arrows, will lead to the amplitude of the aternating component i- of the
photocurrent when the mirror is moved. Thus, the measured photocurrent iy, can be considered as a
superposition of an dternating component i and a direct component i =/Eq. (3)/.

T ®3)

The direct component i- increases linearly with the absorber layer thickness. To achieve a
high difference between the minimum and maximum val ue of the photocurrent, the amplitude of the
aternating component i~ should be maximized. Fig. 5 shows that this condition is satisfied at i-layer
thicknesses of d=Ai/4n and 3Ai/4. To minimize absorption losses within the detector, an i-layer
thickness close to di=A/4 was chosen for the fabricated diodes. It is worth to note that, for d=A/2 and
di=A; the amplitude of the aternating component i~ is 0, Shce | equas lmin. In this case, the
thickness of the i-layer (d; =A/2 or d; =A) fits exactly with one or two intensity periods of the laser
beam and consequently, no movement of the mirror can be detected.
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Fig. 5. Calculated photocurrent of a single nip-diode as afunction of the normalised absorber
layer thickness.

To quantify the ability to distinguish between the maximum and minimum as a function of the
i-layer thickness, which coincides with the amplitude of the aternating component of the
photocurrent, the standardized difference (SD) is widely used. The SD is defined as the quotient of i-
and the measured current in the absence of the mirror. In the latter case, the laser beam penetrates the
diode only once. Thus, the current measured without using a mirror is similar to haf of i-. In
agreement with the discussion of Fig. 5, SD is zero for an i-layer thickness d; =Ai/2 and d; =A;.
Considering the different optica refractive indices of a-Si:H and aSiC:H the minimum in SD a
di =Ai/2 correlates with an i-layer thickness of around 80 and 90 nm, respectively. As a compromise
between the requirements regarding a high SD and alow geometric capacitance, Cg, L1/d;, we chose
an i-layer thickness of around 30-40 nm, at which a SD between 2 and 3 can be theoretically achieved
(seeFig. 6).
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Fig. 6. Calculated standardized difference (SD) as a function of the i-layer thickness. The SD
is defined asthe quotient of the difference between the maximum and minimum of the
photocurrent and the measured current in the absence of the plane mirror.

Besides the thickness of the i-layer aso its absorption properties has an influence on the
device performance (see Eq. (1)). Fig. 7 depicts the effect of three different absorber designs on the
optoel ectronic behaviors of the diode. For diode structure A, the i-layer consists of an entirdly aSi:H
layer with a band gap (Eg) of around 1.75 €V. In structure B, an aSIC:H layer (Eg = 2 V) is
employed. The absorber layer of structure C is separated into two regions of similar thickness of
around 15-20 nm. The a-SiC:H layer is arranged next to the p-layer. The dark I/V-characterigtics of
therealized diodes are plotted in Fig. 7. Dueto the lower band gap (higher intrinsic carrier density) of
& Si:H compared to aSiC:H, the dark 1/V curve of the corresponding diodeis nearly pardlely shifted
to higher vaues. Structure C behaves similar to structure B, because a higher voltages
(0.6V< V < 1V) the transport and recombination of carriers within the wide band gap material mainly
determinesthe |/V characteristics [20, 21].

1| ——- structure "A": a-Si
---- structure "B": a-SiC e

current density [mA/cmZ]

15
voltage [V]
Fig. 7. Dark 1/V curves of n-i-p diodes with different absorber material in thei-layer.

Although the total diode thickness is only between 80 nm and 90 nm and the i-layer is only
around 30-40 nm the current density is very low (lgn< 2 x 10° mA/cm?) in the bias range
-0.5V <V < 0V. Since the diode operates in this bias range a high dynamic range is achieved. For
V > 0.8V the I/V curves deviate from the nearly linear behavior using a log-scale for the current
density. The saturation of the current density is mainly attributed to the resistance of the TCO layers.
This resistance dominates in combination with Cy, the RC-constant of the device and consequently
the cut-off frequency of the detector. Although neither the design of the multi layer stack, the
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adjustment of the size of the detector on the spot of the laser beam, nor the contact design is optimized
yet, a cut-off frequency of up to 200 kHz was achieved for such kind of diodes.
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Fig. 8. Quantum efficiency curves of n-i-p diodes with different absorber materia in the
i-layer. The transparent detectors are characterized from both sides.

The spectral sensitivity of the three diodes measured under short circuit conditions and
illuminated from both sides is shown in Fig. 8. Since the p-layer is thicker (>30 nm) than the n-layer
(20 nm) the rising edge of the quantum efficiency is shifted to shorter wave engths when the light
penetrates through the glass side. In the long wavelength range and under both sides of illumination
the quantum effidency QE of structure A is higher than for structure B, according to the different
absorption coefficient of a-Si:H and aSiC:H. The low absorption of structure B leads to a
transmittance at 633 nm exceeding 85%. The QE of structure C is in between the QE of structure A
and structure B, because the absorption region of structure C contains both materials to egual
dimensions. The main advantage of structure B is the high yied of detectors with a good device
performance (low dark current and no shunt problems) above 90%. The yield for structure Cand A is
around 80% and 30%, respectively. This result can be explained by the different microstructure of
aSi:H and a-SiC:H [22]. Since the fabrication of structure B is simpler as structure C, we have
focused our investigations on diodes with a design according to structure B.
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Fig. 9. Measured photocurrent of the detector with an entirdy aSC:H absorber (structure B)
while the plane mirror is moved. Additionaly, a sinus-function and the measured
photocurrent without using amirror is plotted.
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The transparent diode (structure B) is introduced into a standing wave and the plane mirror is
moved. Theinterference signa of the transparent photodetector shows a hearly sinusoidal dependency
on the displacement with a period corresponding to half of the wave ength of the laser beam (Fig. 9).
Additionally, a sinus-function and the measured photocurrent without using a plane mirror are pl otted.
For structure B a SD of 1.78 is evaluated. SD of the three diodes varies between 1.2 and 2 and SD of
structure B is higher than SD of structure A due to the lower absorption within the i-layer. However,
these values are lower than predicted by the calculations (Fig. 6). Under ideal conditions, the
deviation in SD from the expected value between 2 and 3 can be used to estimated an upper limit for
the implemented i-layer thickness. Considering a value of 1.78 and using Fig. 6 implies an i-layer
thickness of around 40 nm, which is dightly higher than the expected value estimated by the
deposition rate of single layers. The deviation of the layer thickness is gill within the technological
tolerance. Thisresult indicates that the “real” thickness of thei-layer was slightly underestimated. The
whole layer thickness was measured by mechanical thickness measurements to control the deposition
conditions. Further reasons which lead also to a deviation of the measured signa form the sinus-
function as wdl as alower SD are (i) absorption and reflection losses (see Eq. (1)), (ii) collection of
carriers generated in the doped layers and (iii) multiple reflection of the light within the detector
mainly caused by small thickness deviations of the ided thickness values (Anp/2 and 3Arco/4).
Multiple reflection of the light within the layer stack results in a superposition of waves propagating
in the same and opposite direction.

3.2 Interferometer based on two individual ultra-thin n-i-p-diodes

Introducing two individual photodiodes based on diode structure B into a standing wave
dlows to measure two independent photocurrents. Displaying the two currents on the x- and y-
channe of an oscilloscope leads to Lissgous figures when the mirror is moved. The direction of the
travel clockwise or anti clockwise on the screen depends on the direction of the movement of the
mirror. A phasey of y # 0°, 180°, ..., between these two signals alows bi-directional fringe counting.
If the phase shift isy = 0°, 180°, ..., the dlipse shrinks to a single line and the determination of the
direction of the displacement is not possible By tuning the distance between the single
photodetectors, which is defined by the different spatid arrangement of the centers of the i-layer
within the standing wave, to 90°, the Lissgjous figure fits with a perfect circle. For thisideal case, an
accuracy in the nm-range can be achieved by subdivision of the Lissgjous figure, since thetwo signals
form an orthogona system. Fig. 10 shows as an example two dliptic Lissgjous figures with a phase
shift between the two photocurrents close to 90° (Fig. 10, left side) and of around 50° (Fig. 10, right
side). For this purpose one diode was mounted on a piezo actuator, which alows an adjustment of y
over the entire range from 0° to 360°. For data processing only the aternating component of the
photocurrent has been considered and the unit of the signal is given in voltage, since current-voltage
amplifiers were used.

0.4 7 0.6
0.2 0.3
= =
() ()
g 0 g 0
S S
-0.2 -0.3
-0.4 -0.6
-0.5 02 0 0.2 0.5 -06 -0.3 0 0.3 0.6
Voltage [V] Voltage [V]

Fig. 10. Lissgjous figures obtained by a xy-display of the photocurrent of two individual
diodes with different relative positions of the diodes on the optical axisof the standing-wave

pattern.
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3.3 Phase sensitive transparent detector (PSTD)

A reduction of the components of the mechanica set-up can be achieved by the integration of
the individual diodes (see Fig. 2b). In the following, the influence of the device design of the PSTD
on the properties of the interferometer will be discussed. As discussed in section 3.1, the layer stack
has to be highly transmissive and low reflective at the laser wavelength of 633 nm, to avoid
disturbance of the standing wave. These reguirements can be fulfilled by the design rules as presented
above. For amaximal transmission the optical thickness of the whole device should be equal to kq*
Admicd2 and the optica thickness of the TCO:nip:TCO:nip:TCO, layer stack has to be
(3*ArcolD):(Anip/ 2): (K2* Ao/ 2): (Mg 2): (3* Arco/d), with k, = 1, 2, 3,... . TCOy is embedded between
the two diodes and is used as a common contact. In order to optimize the transparency of the system
ks was chosen to 1. Based on optical calculations a transmittance of around 80% is expected for the
whole system. However, deviations from the idedlities in the layer thickness | ead to alower measured
transmission at 633 nm of about 70%.

Although the assembly consists of two very thin diodes (the structure of each diodeis similar
to the design of structure B), which are patterned by a two mask process, the dark current density of
the individua diodes is very low (lgm< 2¢10° mA/cn?) a reverse bias (not shown). The IV-
characteristics fit well with the dark current of single diodes (Fig. 7). Only at high positive bias the
current of the individual nip-diodes of the PSTD saturates at a lower level in comparison with single
deposited diodes (Fig. 7), due to a higher series resistance of the PSTD. This can be mainly explained
by the thickness of the common contact (TCOy) which is 2/3 of the thickness of TCO, or TCO,,.

0.3

, directiill.
, indirect ill.
, indirect ill.
, directiill.

quantum efficiency

300 400 500 600 700 800

wavelength [nm]

Fig. 11. Quantum efficiencies of the PSTD, illuminated from both sides.

Fig. 11 shows the spectral sensitivity of both diodes measured from ether sides. The QE
measured under “direct” illumination conditions (illumination from the side nearest to the diode under
test) is higher than the QE at “indirect” illumination conditions (illumination from the side, where the
other diode is in front of the diode under test). The lower QE under indirect illumination is due to
absorption “losses” in the diode, which is in-between the side of incidence of the light and the diode
under test. In this case the diode which is arranged in front of the other acts as a transmission filter.
Because of the wave ength dependent absorption coefficient, absorption losses are more pronounced
a shorter waveengths. For A > 600 nm similar QEs are measured, which are nearly independent on
the direction of illumination. The QE of both diodes at 633 hm amounts to about 1.4%.

In agreement with the discussion of Fig. 8, the rising edge of the QE of diode; is shifted to
longer wavelengths compared with diode, under direct illumination, caused by the thinner n-layer
thickness in comparison with the p-layer thickness. However, under indirect illumination this
explanation is not applicable, because in comparison with diode, a lower blue response of diode



Amorphous silicon — a promising material for diodes with ultra thin absorber 1315

should be expected. The high blue response of diode, under indirect illumination conditionsis likey
attributed to a measuring eror since the underlying diode; has a larger area as diode;, and the area of
measuring spot of the spectra response set-up has a similar size as the area of diode,. Thus a small
amount of light can strike directly on the larger area of the underlying diode; and it is not absorbed by
diode,.

Next, the PSTD is characterized when it is implemented in the standing wave and the plane
mirror is moved. A xy-plat of the photocurrent of the two diodes is given in Fig. 12 as a Lissgjous
figure. The photocurrent of both diodes vary between 5 and 20-25 A, which is within the expected
range when using a laser power of 1.65 mW and considering the QE as measured in Fig. 11. The shift
of the center of the dlipse out from the zero point of the coordination system can be attributed to the
direct component (i-). The sign of measured current is a result of the measurement set-up. The TCOy
contact is used as a common ground.

photocurrent of diode1 [MA]

10 15 20 25
photocurrent of diode,, [MA]

Fig. 12. Photocurrents of a PSTD measured inside the standing wave when moving the mirror.
The measuring (lines) and calculated (symbols) data are displayed as a Lissgjous figure.

y of the two currents is about 35°. It is determined by the optical thickness of hadf of the i-
layer of diode,, p-layer of diode,, TCOy, layer, n-layer of diode, and half of the i-layer of diode,. For
high transmission the optical thickness of both n-i-p diodes and of the TCO, layer should be close to
Admicel2. HOwever, under these conditions the phase shift between the two photocurrents would be
360° and the shape of the dlipse shrinks to a single line. As a consegquence, the direction of the
displacement of the mirror cannot be evauated. As one approach, the thickness of the p-layer of
diode; was enlarged to around 50 nm to achieve a 'y between the two photocurrents different from
360°. The p-layer thickness was modified to keep the absorption losses within the doped layer a a
minimum, because the band gap of the p-layer is higher than that of the n-layer. Theincreasein the p-
layer thickness of diode; by around 10 nm is reflected in the measured phase shift (Fig. 12). It should
be mention that a specific optimization of the layer stack inthe nm-range is critical. The variations of
the deposition parameters lead to thickness variations of the aSi:H based layers, which are in the
same order. The shape of the ellipseis in good agreement with the calculated dlipse (symbols) using
two sine functions with the same amplitude and a phase shift of 35°. This result indicates that the
measured current of the two diodes is also nearly sinusoidal and that the introduction of the sensor
does not significantly disturb the standing wave By interpolation of the measured dlipse using the
Heydemann algorithm [23], displacement or length measurements can be determined with an
accuracy of + 15 nm [18]. To obtain a higher accuracy the thi cknesses of the two i-layers, the p-layer
of diode, and n-layer of diode, have to be adjusted to obtain y of the photocurrents of 90°. A challenge
for the forthcoming works will be the optimization of the PSTD with respect to an improved optical
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adjustment of the whole layer stack, better tuning of y between the two photocurrents and an increase
of the cut-off frequency.

4. Conclusions

A new concept for precision | ength measurement based on sampling an optical standing wave
was presented. Making use of the standard thin-film technologies on glass substrate — PECVD for
amorphous silicon and sputtering for TCO layers — we have developed thin transparent nip-
photodiodes, which enable the detection of the standing wave. Thin photodiodes with an optically
adjusted layer stack with an optical thickness close to (3Atco/4):(Anip/2):(BA1co/4) and an around
30-40 nm thick i-layer of aSiC:H were redlized with a transmittance at 633 nm above 85%. The
measured interference signd of the transparent photodetector shows a nearly sinusoidal signa with a
period corresponding to half of the wavelength of the He-Ne laser. Introducing two transparent
photodetectors into a standing wave leads to the development of a new type of interferometer. The
simplicity of the PSTD recommends this new concept for length and displacement measurements.
With the fabricated detector system measurements with an accuracy of + 15 nm can be performed.
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