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Abstract. It is shown that non-steady-state photo-EMF-based
adaptive photodetector operates like an optimal detecting
medium when detection of a general spatial shift of a compli-
cated light pattern is needed. This detecting medium can be
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
the detector volume itself.

PACS: 72.40.+w; 42.70.Nq; 42.79.Pw

Conventional photodetectors, such as photoelectron multipli-
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-
ence pattern between the signal and the reference (R) waves
can be detected only. If one has two similar simple interfer-
ing wavefronts (for example plane or Gaussian) combined
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
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
efficiently using conventional photodetectors and beamsplit-
ters. It is clearly because of spatially random distribution of
an average phase shift between the signal and the reference
beams through the interference pattern. The angular aper-
ture of the light-collecting lens system corresponding to one
speckle spot is usually used here only [1]. This results in big
losses of the signal-beam power and finally in strong reduc-
tion of the output signal combined with environmentally in-
duced random temporal fluctuations in its sign and amplitude.

About a decade ago a nonconventional type of photode-
tector [2], based on the non-steady-state photo-EMF effect [3,
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4] was proposed for efficient detection of the optical phase
modulation under the conditions mentioned above, Fig. 1b.
Originally this device was used as an “adaptive” photode-
tector which possesses the property to compensate for com-

Fig. 1. a Standard configuration of optical phase modulation detection with
conventional photodetector (BS is conventional beam-splitter, S and R are
the signal (phase modulated) and the reference beams, respectively, and
Uout is the output electrical signal).b Interferometric (with a reference
beam) configuration for detection of optical phase modulation with photo-
EMF based adaptive photodetector (RL is the load resistor).c Referenceless
configuration for detection of fast spatial displacements of speckle-like light
patterns (for example reflected by a rough vibrating surface) via photo-
EMF-based adaptive photodetector
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plicated wavefronts, for relatively slow environmental phase
drifts in them, and also for amplitude noise of the laser. Re-
cently [5], application of the photo-EMF-basedGaAsadap-
tive detectors for efficient detection of the laser-induced ultra-
sonic in moving (with an average speed up to1 m/s) real ob-
jects with a rough surface was demonstrated. We also demon-
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.

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 output
signal in response to these particular changes of the pattern
shape and ensure maximum signal-to-noise ratio (SNR) in de-
tection of these shifts.

Let us consider for simplicity that within some spatial in-
terval (0, Lx) we have an initial one-dimensional intensity
distribution I(x) biased by a relatively strong noncoherent
light intensity I0 (I0� I(x)) - see Fig. 2a. Here we are not
interested in detection of this complicated light distribution
itself, but in detection of a small displacement of this pat-
tern along thex axis only. The spatial shift of this pattern
by a distance∆x can obviously be described by the appear-
ance of an additional small (zero-average ifI(0)= I(Lx), or
I(0)= I(Lx)= 0 in particular, Fig. 2a) light pattern:

∆I(x)=−∂I(x)

∂x
∆x . (1)

See Fig. 2b. Let us assume, that for detection of this light-
intensity distribution∆I(x), we design an optimised dis-
tributed detection system in the volume of a short-circuited
photoconductive sample with the interelectrode spacingLx.
By this detecting system we mean something like a contin-
uous irregular sequence of p–n junctions of different height,
which are “frozen in” in our detecting medium. It is assumed
that the shape of this detecting pattern is matched to detect the
light distribution∆I(x) in some optimal way. This structure
can be described by some spatial distribution of the electric
potentialϕ(x), and the electric field, which is associated with
it, obviously equalsE(x) = −∂ϕ(x)/∂x. In this sense, the
conventional photodiode is characterised by very simple elec-
tric potential distribution – a simple potential jump in the area
of p–n junction associated with some maximum of the electric
field there (see, for example, Fig. 10 in Chapt. 2 of [9]).

As is known from the literature [4, 10], the electric re-
sponse (i.e. the short-circuit current densityj ) of this electric
field profile in the volume of the photoconductor material to
the appearance of an additional light distribution∆I(x) is
equal to the local drift current density averaged over the inter-
electrode spacing:

j = 1

Lx

Lx∫
0

dxE(x)∆σ(x)= 1

Lx

Lx∫
0

dxE(x)A∆I(x) , (2)

where∆σ(x) = A∆I(x) is the additional photoconductivity
of the sample due to∆I(x) (A is a coefficient of proportional-

Fig. 2. a Some examples of the normalised initial –[I0+ I(x)]/I0 (solid
line), and shifted –[I0+ I(x−∆x)]/I0 (dashed line)one-dimensional
light-intensity distributions.b Normalised additional light intensity∆I(x)
associated with the introduced above spatial shift of the light patternI(x)

ity). The diffusion component of the current density and that
of the displacement one do not contribute to the total current
through the structure because of the above-mentioned bound-
ary conditions forI(x), and because of the potential nature
of the electric field, respectively. Note also, that in (2) we
assumed linear proportionality between the local level of il-
lumination and the photoconductivity of the sample. This is
obviously justified in a case when the transport lengths of the
photocarriers (drift and diffusion ones) are smaller than the
characteristic scale of the spatial variations in∆I(x).

It is well known, that for a limited value of
∫ Lx

0 dx|E(x)|2
the integral in the right-hand side of (2) (and finally the output
electric current through our detecting structure) is maximised
when:

E(x)∝∆I ∗(x)∝ ∂I ∗(x)
∂x

. (3)

Note that in addition to producing the maximum output, the
same distribution of the electric fieldE(x) (3) acts like an
optimal filter [11] – i.e. it gives the minimum error rate (i.e.
the maximum SNR) in recognition of the input signal∆I(x).
Note also that since the intensity distribution∆I(x) is ob-
viously described by a real function, we can also remove
complex conjugation from the right-hand side of (3). From
here it follows that the electric potential profile in the optimal
detection structure is simply to copy the profile of the initial
(unshifted) light pattern(ϕ(x)∝ I(x)).
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On the other hand, the diffusion mechanism of optical
recording in photorefractive crystals (see for example [12]),
which, in particular, is in charge of the photo-EMF signal
formation [3, 4], gives the steady-state (i.e. under continu-
ous illumination) space-charge electric field profile, which is
practically needed:

ESC(x)=−
[
∂I(x)+ I0

∂x

/
I(x)+ I0

]
kBT

e
(4)

≈−kBT

eI0

(
∂I(x)

∂x

)
.

Here kB is the Boltzmann constant,T is the absolute tem-
perature,e is the electronic charge, and the electron type of
photoconductivity is accepted. As a result, the photo-EMF
current response (2) in this case equals

j = 1

Lx

Lx∫
0

dxESC(x)A∆I(x) = σ0
kBT

e

∆x

Lx

Lx∫
0

dx
( ∂I(x)

∂x
/I0
)2
,

(5)

whereσ0= AI0 is the average photoconductivity of the sam-
ple. From (3)–(5) it is clear that our photo-EMF configu-
ration obviously acts like the previously discussed spatially
distributed detecting media optimised for detection of the
displacement of this particular initial light patternI(x). The
necessary “frozen-in” electric potential profile (and the cor-
responding space-charge electric field) in the photoconductor
volume results from diffusion of the nonuniformly photoex-
cited mobile carriers which is followed by their retrapping.

Note that the output signal presented by (5) is a direct
generalisation of the photo-EMF response obtained earlier
in [3, 4] for a sinusoidal periodically oscillating light pattern.
In the present analysis we considered, however, the arbitrary
initial intensity profileI(x) and neglected, for simplicity, in-
fluence of the carrier diffusion spreading on the photoconduc-
tivity pattern. In fact, the latter effect can reduce the contrast
of the nonstationary (i.e. shifted or vibrating) carrier pattern
at high spatial frequencies (K ≥ L−1

D , whereLD is the diffu-
sion length of photocarriers) and, finally, the amplitude of the
photo-EMF output signal. In some way, it acts like a low-pass
spatial frequency filter in our detector. Neglecting this effect
allowed us to consider that the carrier pattern simply copies
the profile of the light pattern (5), which clearly simplified the
above analysis.

Note also that the real photo-EMF current observed in
this experiment (fast displacement of the pattern by a dis-
tance ∆x) is, of course, the transient one [3, 4]. After
the characteristic dielectric relaxation timeτdi = εε0/σ0
it decays practically to zero level because of the space-
charge field redistribution to a new (shifted) position of
the light pattern(I ′(x) = I(x−∆x)). Indeed, in this new
steady-stateE′SC(x)∝ ∂I ′(x)/∂x, and the photo-EMF current
(∝ ∫ Lx

0 dxE′SC(x)AI ′(x)) equals zero again.
We analysed above the case of a spatial displacement of ir-

regular one-dimensional pattern. A similar approach can also
be used for formal description of detection of phase mod-
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 noticeably
poorer than the average spatial carrier frequency, the shift

of the carrier frequency (due to phase modulation in one of
the beams) can be approximated by a total shift of the in-
terference pattern. In this approximation the above analysis
is applicable to this interferometric configuration practically
directly. This means that the photo-EMF-based adaptive pho-
todetectors are optimal for detection of a general phase mod-
ulation in complicated wave-fronts as well. However, some
reduction of the output photo-EMF signal to compare with the
case of simple plane waves is possible. For example, in [13]
it was observed experimentally that substitution of the plane
signal wave in the interferometric configuration (Fig. 1b) by
a speckle-like one (with the same average intensity) reduces
the output photo-EMF signal (by a factor≈ 2). Since these
experiments were performed with equal average intensities of
the signal and the reference beams, this drop in the signal can
be explained basically by reduction of the local contrast of the
interference pattern due to non-equal beam intensities. One
can expect, however, that for some observable difference in
the average light intensities (IS� IR) the interferometric de-
tection configuration can be not too sensitive to the structure
of the signal wave.

Detection of displacements of really 2-D speckle-like pat-
tern (for example in a referenceless configuration given in
Fig. 1c) obviously needs more complicated analysis. How-
ever, it is clear that the main feature of the behaviour con-
sidered above, i.e. the “matched” character of the 2D photo-
induced detector structure is the same as in the 1D case which
was considered here. Indeed, every speckle spot in the initial
light pattern will be surrounded by a radially symmetrical dis-
tribution of the space-charge field, directed from the center
of the spot outside for the electron type of photoconductivity.
Synchronous displacement of all speckle spots into one par-
ticular direction clearly results in overlapping of all of them
with the areas where the space-charge electric field has the
same direction. As a result, in accordance with the nature of
the photo-EMF signal formation [3, 4], this will produce ef-
ficient total current through the structure along the direction
of the displacement. Even without a strict formal analysis this
allows us to state that in a 2D case the photo-EMF detectors
also ensure some matched detection of the general displace-
ments of the speckle-like light patterns.

In conclusion, let us discuss shortly the main factors lim-
iting the sensitivity of these photodetectors. Earlier in [14] it
was shown that for maximum possible contrast ratio of the
regular sinusoidal interference light pattern (m≈ 1) and op-
timal fringe spacingΛ = 2πLD the thermal (Johnson) noise
of the sample is approximately equal to the shot noise, which
is also generated in the photo-EMF configuration. The lat-
ter is observed here even without external dc voltage bias
because of the diffusion-induced space-charge electric field
ESC(x) within the sample volume. In the above considera-
tion we assumed, however, an approximation of short carrier
transport length (Λ� 2πLD). This clearly ensures reduction
of the diffusion space-charge field (due to bigger fringe spac-
ing) and finally reduction of the relative contribution of the
shot noise. This means that in the accepted approximation the
detection configuration under consideration is basically the
thermal-noise-limited one.
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