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Abstract. It is shown that non-steady-state photo-EMF-based] was proposed for efficient detection of the optical phase
adaptive photodetector operates like an optimal detectingiodulation under the conditions mentioned above, Fig. 1b.
medium when detection of a general spatial shift of a compliOriginally this device was used as an “adaptive” photode-
cated light pattern is needed. This detecting medium can kector which possesses the property to compensate for com-
considered as some spatial distribution of photo-induced p—n

junctions matched with the original light pattern and its sen-

sitivity is limited basically by the thermal (Johnson) noise of R photodetector
the detector volume itself. l

PACS: 72.40.+w; 42.70.Nq; 42.79.Pw —;\‘—‘—"k —>
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Conventional photodetectors, such as photoelectron multiplf3
ers or photodiodes, detect the light intensity averaged over
the whole photosensitive area of the device. As a result, when
used for detection of phase modulation in a signal laser beam
(S), the light intensity in one particular point of the interfer- R

ence pattern between the signal and the reference (R) waves \1
can be detected only. If one has two similar simple interfer- \
ing wavefronts (for example plane or Gaussian) combined / Ry,

via a conventional beam-splitter (Fig. 1a), there is no prob-
lem. The detected area can be spread through the whole
signal-beam cross section and the signal-beam power (which S

is usually the lower one) is not lost. When, however, there

is a need to detect general phase modulation in a compli-

cated wavefront (for example a speckle-like one, which is

reflected from a vibrating rough surface), one can not do this photoconductor U out
efficiently using conventional photodetectors and beamsplit- . \l
ters. It is clearly because of spatially random distribution of

an average phase shift between the signal and the reference i 7 T
beams through the interference pattern. The angular aper- \ _—7
ture of the light-collecting lens system corresponding to one S
speckle spot is usually used here only [1]. This results in big,

losses of the Slgnal-beam power and ﬂna"y In strong I’ecmcﬁig. 1. aStandard configuration of optical phase modulation detection with

tion of the output signal combined with environmentally in- .;nentional photodetector (BS is conventional beam-splitter, S and R are
duced random temporal fluctuations in its sign and amplitudehe signal (phase modulated) and the reference beams, respectively, and

About a decade ago a nonconventional type of photodéJou is the output electrical signal} Interferometric (with a reference

tector [2], based on the non-steady-state phOtO—EMF effect [@eam) configuration for detection of optical phase modulation with photo-

EMF based adaptive photodetector_ (R the load resistorc Referenceless
_ configuration for detection of fast spatial displacements of speckle-like light
This paper is dedicated to Prof. E. Kratzig whom the author respects deeplyatterns (for example reflected by a rough vibrating surface) via photo-
as a really prominent researcher, teacher, and a person of high characterEMF-based adaptive photodetector
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plicated wavefronts, for relatively slow environmental phasdarb.un.) ,
drifts in them, and also for amplitude noise of the laser. Re-
cently [5], application of the photo-EMF-bas&hAs adap-
tive detectors for efficient detection of the laser-induced ultra- 2 |
sonic in moving (with an average speed ufdtwy/s) real ob-
jects with a rough surface was demonstrated. We also demon- 15 |
strated experimentally [6] that these photodetectors can be \ \
used for detection of the transverse displacements of rough
surfaces, and transverse displacements of the irregular 2D
speckle-like patterns in general (Fig. 1c). Later, a similar ref-
erenceless configuration (which was also discussed in [7])
was used in [8] for detection of the transverse surface dis-
placements produced by the laser ultrasonic waves. 0 0.2 0.4 0.6 0.8 1
Below we show that the photo-EMF-based photodetec-
tors are, in fact, “optimal” for detection of such transverse?
displacements of complicated spatial light-intensity distribu-
tions. This means that they give the maximum possible outpufarb.un.) 4
signal in response to these particular changes of the pattern
shape and ensure maximum signal-to-noise ratio (SNR) in de- 04 b
tection of these shifts.
Let us consider for simplicity that within some spatial in- 0.2 f
terval (0, Ly) we have an initial one-dimensional intensity

distribution 1 (x) biased by a relatively strong noncoherent 0 \//\\/ \/[\\/

05

I_|><
x

light intensity I (1o > (X)) - see Fig. 2a. Here we are not
interested in detection of this complicated light distribution 02
itself, but in detection of a small displacement of this pat-
tern along thex axis only. The spatial shift of this pattern
by a distanceAx can obviously be described by the appear- 0 02 04 06 08 ]
ance of an additional small (zero-averagé®) = I(Ly), or

1(0) = I(Lx) = 0 in particular, Fig. 2a) light pattern:

v

X

| Fig.2. a Some examples of the normalised initial[tg + [(X)]/lo (solid
Al(X) = _8 () AX (1) line), and shifted —[lg+ I(X— AX)]/lp (dashed line)one-dimensional
X ’ light-intensity distributionsb Normalised additional light intensity\ 1(x)
. . .. associated with the introduced above spatial shift of the light patiegn
See Fig. 2b. Let us assume, that for detection of this light-

intensity distributionAl(x), we design an optimised dis- o _
tributed detection system in the volume of a short-circuitedty). The diffusion component of the current density and that
photoconductive sample with the interelectrode spatipg ©f the displacement one do not contribute to the total current
By this detecting system we mean something like a continthrough the structure because of the above-mentioned bound-
uous irregular sequence of p—n junctions of different height@ry conditions forl(x), and because of the potential nature
which are “frozen in” in our detecting medium. It is assumedof the electric field, respectively. Note also, that in (2) we
that the shape of this detecting pattern is matched to detect t@&Sumed linear proportionality between the local level of il-
light distribution Al (x) in some optimal way. This structure lumination and the photoconductivity of the sample. This is
can be described by some spatial distribution of the electrigbviously justified in a case when the transport lengths of the
potentialp(x), and the electric field, which is associated with Photocarriers (drift and diffusion ones) are smaller than the
it, obviously equalsE(x) = —dp(x)/x. In this sense, the characteristic scale of the spatial vananonsm{(x).
conventional photodiode is characterised by very simple elec- Itis well known, that for a limited value of,* dx|E(x)|?
tric potential distribution — a simple potential jump in the areathe integral in the right-hand side of (2) (and finally the output
of p—n junction associated with some maximum of the electri€lectric current through our detecting structure) is maximised
field there (see, for example, Fig. 10 in Chapt. 2 of [9]). when:

As is known from the literature [4, 10], the electric re- Al * (%)
sponse (i.e. the short-circuit current denginof this electric  E(X) oc A1*(X) o 3)
field profile in the volume of the photoconductor material to ) . . )
the appearance of an additional light distributiari(x) is ~ Note that in addition to producing the maximum output, the
equal to the local drift current density averaged over the inters@me distribution of the electric fielli(x) (3) acts like an

electrode spacing: optimal filter [11] — i.e. it gives the minimum error rate (i.e.
the maximum SNR) in recognition of the input sigmal(x).
1 Lx 1 Lx Note also that since the intensity distributiax (x) is ob-
j=-— / dXE(X)Ac(x) = _/ dXE(X) AAT(X), (2) viously described by a real function, we can also remove
Lx Lx complex conjugation from the right-hand side of (3). From

here it follows that the electric potential profile in the optimal
where Aa(x) = AAI(X) is the additional photoconductivity detection structure is simply to copy the profile of the initial
of the sample due ta [ (x) (Ais a coefficient of proportional-  (unshifted) light pattertip(x) o< [(x)).
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On the other hand, the diffusion mechanism of opticalof the carrier frequency (due to phase modulation in one of
recording in photorefractive crystals (see for example [12])the beams) can be approximated by a total shift of the in-
which, in particular, is in charge of the photo-EMF signalterference pattern. In this approximation the above analysis
formation [3,4], gives the steady-state (i.e. under continuis applicable to this interferometric configuration practically
ous illumination) space-charge electric field profile, which isdirectly. This means that the photo-EMF-based adaptive pho-

practically needed: todetectors are optimal for detection of a general phase mod-
ulation in complicated wave-fronts as well. However, some

Esc(X) = — [3|(X)+ |0/|( %+ o } ke T @ reduction of the output photo-EMF signal to compare with the
case of simple plane waves is possible. For example, in [13]

ke T [/ 91(x) it_was obseryed experimentally 'ghat su.bstitu'_[ion of the plane
el (a—x) . signal wave in the interferometric configuration (Fig. 1b) by

0 a speckle-like one (with the same average intensity) reduces
Herekg is the Boltzmann constanT; is the absolute tem- the output photo-EMF signal (by a facter2). Since these
peratureg is the electronic charge, and the electron type ofXperiments were performed with equal average intensities of
photoconductivity is accepted. As a result, the photo- EMRhe signal and the reference beams, this drop in the signal can

current response (2) in this case equals be explained basically by reduction of the local contrast of the
interference pattern due to non-equal beam intensities. One
1 F keT AX al(x) can expect, howe_ver, that for some ob_servable diff(_erence in
= / dXEsc(X) AAI(X) = 90— T /d —/Io , the average light intensitie$q < Ir) the interferometric de-
x9 e tection configuration can be not too sensitive to the structure

(5) of the signal wave.

Detection of displacements of really 2-D speckle-like pat-
whereoy = Alg is the average photoconductivity of the sam-tern (for example in a referenceless configuration given in
ple. From (3)—(5) it is clear that our photo-EMF configu- Fig. 1¢) obviously needs more complicated analysis. How-
ration obviously acts like the previously discussed spatiallyever, it is clear that the main feature of the behaviour con-
distributed detecting media optimised for detection of thesidered above, i.e. the “matched” character of the 2D photo-
displacement of this particular initial light pattef(x). The  induced detector structure is the same as in the 1D case which
necessary “frozen-in” electric potential profile (and the corwas considered here. Indeed, every speckle spot in the initial
responding space-charge electric field) in the photoconducttight pattern will be surrounded by a radially symmetrical dis-
volume results from diffusion of the nonuniformly photoex- tribution of the space-charge field, directed from the center
cited mobile carriers which is followed by their retrapping. of the spot outside for the electron type of photoconductivity.

Note that the output signal presented by (5) is a direc8ynchronous displacement of all speckle spots into one par-
generalisation of the photo-EMF response obtained earligicular direction clearly results in overlapping of all of them
in [3, 4] for a sinusoidal periodically oscillating light pattern. with the areas where the space-charge electric field has the
In the present analysis we considered, however, the arbitrasame direction. As a result, in accordance with the nature of
initial intensity profilel(x) and neglected, for simplicity, in- the photo-EMF signal formation [3, 4], this will produce ef-
fluence of the carrier diffusion spreading on the photocondudicient total current through the structure along the direction
tivity pattern. In fact, the latter effect can reduce the contrastf the displacement. Even without a strict formal analysis this
of the nonstationary (i.e. shifted or vibrating) carrier patterrallows us to state that in a 2D case the photo-EMF detectors
at high spatial frequencie&(> LD , WhereLp is the diffu-  also ensure some matched detection of the general displace-
sion length of photocarriers) and, finally, the amplitude of thements of the speckle-like light patterns.
photo-EMF output signal. In some way, it acts like a low-pass In conclusion, let us discuss shortly the main factors lim-
spatial frequency filter in our detector. Neglecting this effeciting the sensitivity of these photodetectors. Earlier in [14] it
allowed us to consider that the carrier pattern simply copies/as shown that for maximum possible contrast ratio of the
the profile of the light pattern (5), which clearly simplified the regular sinusoidal interference light pattem£ 1) and op-
above analysis. timal fringe spacingA = 2xLp the thermal (Johnson) noise

Note also that the real photo-EMF current observed irof the sample is approximately equal to the shot noise, which
this experiment (fast displacement of the pattern by a disis also generated in the photo-EMF configuration. The lat-
tance Ax) is, of course, the transient one [3,4]. After ter is observed here even without external dc voltage bias
the characteristic dielectric relaxation time; = eep/00 because of the diffusion-induced space-charge electric field
it decays practically to zero level because of the spaceEsc(x) within the sample volume. In the above considera-
charge field redistribution to a new (shifted) position oftion we assumed, however, an approximation of short carrier
the light pattern(l’'(x) = I(x — AX)). Indeed, in this new transport length4 > 27Lp). This clearly ensures reduction
steady stat@&g(x) o« 31’ (x)/dx, and the photo EMF current of the diffusion space-charge field (due to bigger fringe spac-
(x fo dx E5(X) Al’(x)) equals zero again. ing) and finally reduction of the relative contribution of the

We analysed above the case of a spatial displacement of ishot noise. This means that in the accepted approximation the
regular one-dimensional pattern. A similar approach can alsdetection configuration under consideration is basically the
be used for formal description of detection of phase modthermal-noise-limited one.
ulation of one of the interfering coherent waves with the
photo-EMF adaptive detector (Fig. 1b). Here, if the spatial
frequency contents of two interfering beams are noticeablycknowledgementsThis work is performed within the framework of
poorer than the average spatial carrier frequency, the shiftONACyT (Mexico) Project G255330A.
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