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Estimation of photodiode frequency characteristics determined
by motion of charge carriers in the space charge region.
The case of even generation of carriers
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Abstract. Performed in this work is estimation of photodiode frequency characteristics
determined by motion of charge carriers in the space charge region for the case of even
generation of charge carriers. It has been shown that the current in the external circuit
depends on two functions, specific type of which, in its turn, depends on distribution of
the electric field and density of generated current, and is fully determined by a set of
parameters inherent to photodetector material and incident radiation. The sensitivity for
frequencies higher than the boundary one is inversely proportional to the frequency.
Simplicity, general form and exactness of the obtained expressions do them suitable for
the use when constructing new photodiodes.
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One of actual tasks in designing pulse optoelectronic
devices is exact estimation of characteristics of fast-
operating p-i-n photodiodes. In particular, in the process
of development, on the stages of computations aimed at
design of future photodiodes, it is necessary to perform
estimation of pulse, frequency characteristics that
determine their fast-response. In various works [1-6],
some factors determining the Kkinetics of the diode
photoresponse at flight of charge carriers through the
space charge region (SCR) were considered along with
features of pulse signal detection, construction of pulse
photodetectors and their pre-amplifiers. However, the
results obtained in these works do not allow to estimate
frequency  characteristics for  developed  p-i-n
photodiodes operating in various modes and conditions
for generation of charge carriers.

Several situations when the charge carriers can
be generated were considered by us earlier: general case
of motion (drift) of charge carriers inside a
semiconductor crystal in the electric field of SCR [7],
the case of even electric field in the crystal and surface
generation of current [8] as well as the case of surface
generation of photocurrent at even distribution of the
space charge inside the crystal [8].

The analysis of situation of the even electric
field and even generation of charge carriers inside the
crystal is the purpose of our work, and also situation of
even generation of charge carriers and even distribution
of the space charge inside the bulk.

The situation of the even electric field and even
generation of charge carriers inside the crystal arises
when the latter receives comparatively longwave
radiation by photodiode with high-ohmic (lightly doped
or well compensated) base (clean p-i-n photodiode), as a
result complete exhaustion of high-ohmic region takes
place due to a negligibly low bias voltage as compared
to the operation one. In this case, the current transfer is
realized by charge carriers of both signs, behaviour of
which is almost identical but they move in opposite
directions and with different speeds. The total current
will be equal to the sum of currents provided by carriers
of both signs:

I=l, %1, )

In the general form, within the limits of
assumptions as to the type of modulation of the
photosignal that has a sine-like form and described in [7]
in detail, the increase of current in the external circuit
(photosignal current) is determined according to [7
(1.22)-(1.29)] as
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where dx and dx’ are elementary parts of the paths
passed by current carriers inside SCR at distances x and
x’, accordingly; /— photocurrent; £, — component of the
electric field vector along the x-axis; © — frequency of
photosignal modulation; 7— considered time moment;
pn— mobility of the considered charge carriers; I, —
effective (internal) amplitude of variable component of
generated photocurrent.

It means that the current in the external circuit, in
accord with [7], depends on two functions of co-
ordinates: electric field and generation density of
photosignal current, and the magnitude of this current
depends on a specific type of these functions.

Taking into account (2) and the circumstance that
we are interested in the situation of even electric field
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where: T,= V—O is the time of flight for carriers passing
oK
through the SCR, and the sign “+” takes into account
both the direction of carrier movement and limits of

integration. For the charge carriers moving in parallel to
the axis X (from 0 to xg):
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For the charge carriers moving in the opposite
direction {(from x, to 0)
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In the general form, outside the dependence on the
direction of carrier motion
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Transforming (10) to the form, we have:
I=10(0,7,T)-sin(0t+A@)= an

=Iy0(®,7,T,) (SN cOSA ¢ +coswi sin Ap).

We equate coefficients at the identical terms of
equations (10) and (11):
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Squaring each term and adding both equations of
the system (12), we will get:
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Expressions (10) and (14) describe the dependence
of output photosignal current in the external circuit on
the frequency of modulation (), total time of carrier

2
X0 J and

oMi2
the value of generation current (/;) mainly determined by
the power and wavelength of absorbed radiation.

To estimate the value of boundary frequency, we
will use GOST 21934-83 (USSR), according to which
the boundary frequency is determined from the relation
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where A(® = o) is the amplitude of variable component
of output current of photosignal in the external circuit at
the boundary modulation frequency of radiation; A, —
maximal amplitude of the variable component of output
photosignal in the external curcuit.
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To solve the equation (20), it is necessary to know
the specific a value.
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sion (22) will not change because of identity of terms of
motion and generation of charge carriers (and/or because
of symmetry of equation (17) in relation to 1, and 1,).

Using (14) and (10), it is always possible, within
the limits of the accepted assumptions, to calculate the
form of output current signal with the sine-like law of
modulation by using the Fourier transformation, and,
using (22), it is possible to compare frequency
characteristics of different p-i-n photodetectors.

Situation of even generation of charge carriers and
even density of the space charge inside the crystal arises
when receiving the comparatively longwave radiation by
the photodiode with a homogeneously doped base at a
bias voltage providing the width of the SCR equal to the
thickness of the crystal, at the given degree of doping.
Like to the previous case when we considered even
electric field and even generation of charge carriers
inside the crystal, the total current will be equal to the
sum of currents for carriers of both signs.

Taking into account the results obtained in [7] and
[8 (1.3), (1.5), (2.11), (2.13), (2.14)], the value of the
total current can be presented in the form:
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We will repeat the replacement with
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and we will integrate each element of the integral
function separately:
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We will reduce (33) to the general form (2.23) in
[8] and equate coefficients at the identical terms of

equation:
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Squaring each term and adding both equations of
the system (35), we will get:
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Exp. (38) describes the dependence of output
photosignal current in the external circuit on the
frequency of modulation (@), structural parameters

(’t ; =x§ / 2V, ,) and value of the generated current (/p)

= ey g 1+ 0 ; Gn determined, mainly, by the power and wavelength of
3 absorbed radiation.
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but

Re when @ >0,
Im when ® = 0.

Therefore,
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In the case of silicon, for example,

T, & 31,.
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Exp. (42) is asymmetrical in relation to 7, and b,
therefore we will consider two situations corresponding
to two opposite polarities of ¥, determined by the type
of conductivity of initial material. Let initial silicon has
p-type conductivity. Obviously, in this case:
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When initial silicon has n-type conductivity:
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Accordingly, with consideration (2.13) in [8] for
silicon of p-type conductivity:
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Using (38), it is always possible, within the limits
of the accepted assumptions, to calculate the form of
output current signal with the non-sine-like law of

= (44)

(45)

modulation, using the Fourier transformations, and using
(51) and (52) it is possible to compare frequency
characteristics of different photodetectors.

In all the considered cases, the amplitude of the
output signal behaves identically with the change of the
modulation frequency in the range of frequencies

S<<fs (53)

or
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Thus,
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In principle, that allows to use photodiodes in the
frequency band considerably exceeding the value of the
boundary frequency, thus for threshold photodetectors
operating with high frequencies the threshold of
sensitivity grows in proportion to the frequency.

Conclusions

It is shown that the current in the external circuit
depends on two functions (their specific form) of co-
ordinates of the electric field and density of current
generation of photosignal, which are fully determined by
the set parameters for photodetector material and
received radiation.

Simplicity, general form and exactness of the
expressions obtained do them suitable for use in
designing the new photodiodes.

Shown is the possibility to use photodiodes at
frequencies considerably exceeding their boundary
frequency, with respective lowering the current
sensitivity and increase in the threshold sensitivity at
high frequencies in proportion to frequency.
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