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Abstract—We present an analytical model for the calculation of
the sensitivity, the spectral current noise and the detective parameter
for an optically illuminated Ings3Gags;As n'nn" diode. The
photocurrent due to the excess carrier is obtained by solving the
continuity equation. Moreover, the current noise level is evaluated at
room temperature and under a constant voltage applied between the
diode terminals. The analytical calculation of the current noise in the
n'nn’ structure is developed by considering the free carries
fluctuations. The responsivity and the detection parameter are
discussed as functions of the doping concentrations and the emitter
layer thickness in one-dimensional homogeneous n"nn" structure.

Keywords—Responsivity, detection parameter, photo-detectors,
continuity equation, current noise.

I. INTRODUCTION

NE of the most critical parts in fiber communication

system is the receiver of the optical signal. Optical
receiver in a digital communication system contains the photo-
detectors, transimpedance amplifier, and post amplifier then
followed by decision circuit. In particular, the photodetector
(PD) produces photocurrent proportional to the incident
optical power. As a consequence, the appropriate choice of the
photodetector depends on the photocurrent value which is
proportional to the efficiency absorption of photons, the
concentration of the emitter layer and the optical incident
power.

The performance of the photo-detectors for optical systems
applications has improved as a result of the improvements in
materials and the development of the advanced device
structures. The homojunction structures have been
demonstrated as wavelength tunable infrared detectors in
recent years. This concept was successfully tested on Si [1],
Ge and In,Ga, As materials [2]. In particular, the unipolar
nanodiode (as n'nn’ structure) has shown experimentally a
good responsivity and noise properties for microwave and
terahertz detection [3].

Therefore, due to the high absorption coefficient, the In-
GaAs absorption region is typically a few micrometers thick
and can achieve the wavelength range from 0.1 pm to 2 pm.

Moreover, the essential optical parameter that characterizes
the photodetector is the photosensitivity to light. It is defined
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as the ratio of the photocurrent to the incident light power at a
given wavelength.

The random fluctuations in a detector’s output limit its
responsivity to a certain minimum detectable power. The
power necessary to generate an output signal equal to the
noise is known as the Noise Equivalent Power (NEP).

The NEP is the optical power that generates sufficient
photocurrent to equal the noise current. However, the current
noise level, of the structures and the materials used for the
detection, determines the radiative noise arriving at the
detector from the background environment [4]. In addition, the
detection parameter (D), gives a meaningful comparison
between different detectors, it is widely used for the infrared
photodetector characterization.

This contribution presents an analytical model for the
calculation of the responsivity and the detection parameter of
the Ings3Gags7As n'nn' diode by using the current spectral
density [5]. The current noise is evaluated at room temperature
and under a constant voltage applied between the diode
terminals. The noise calculation considers the synchronous
motion of the free carriers in each region of the structure [6].

In addition, the model can calculate in a first step the
sensitivity of the n'nn" structure to light. The analytical
approach takes into account the responsivity evaluation in the
wavelength range of the Ings3Gagq;As absorption. In
particular, the excess carriers are solved using the continuity
equation for holes. Then in the second step, the detection
parameter is obtained by using the spectral current noise and
the sensitivity of the diode. The results are investigated at
different doping concentrations and at different thickness of
the emitter layer in one-dimensional inhomogeneous n'nn"
structure.
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Fig. 1 Schematic view of the n'nn" diode with: /; and /; the lengths of
the n” regions, I, the length of the n region, N; = N; and N, the
doping concentrations of the three regions.
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II. ANALYTICAL MODEL

The schematic structure of an Ing s3Gag47As n'nn’ diode is
shown in Fig. 1. Here /; is the length and N; is the doping of i-
region. We consider a symmetrical structure with N;=Nj, [,=I;
and we assume that the doping is equal to the free carrier
concentration in each region of the diode.

A. The Sensitivity

The device is illuminated along the length direction (one-
dimensional x). The photocurrent is developed across the
double homojunction n'n and nn" due to incident light. The
incident optical flux is absorbed in the n'nn" diode and leads
to create electron-hole pairs in the depletion regions. With the
choice of the device dimensions and the material, we can
obtain a high sensitivity and can perform the high frequency
operation of the photodetector. Here the material chosen for
photodetector is the Ings3Gag 47As with high mobility and high
absorption coefficient at higher wavelengths, which get better
responsivity [7].

In the first step, we interest to calculate the excess carrier
generated in the n” and n regions by solving the continuity
equation for holes. The number of the photo-generated holes
by respecting doping profiles is [7]:

ap(xt) _ lalp(x:t) _Apxt)
at q O0x +6 Tp (1)

where the lifetime for holes is 7,, , G is the volume generation
rate and J,, is the holes current density given by:

0AP

]p = _qu “ox (2)

By using the generation rate at stationary condition, the
continuity equation can be written as:

p o+ L — ad(A)(1-R)e ™ = 0 3)

A
Tp

D

where «a is the absorption coefficient, Dp is the hole diffusion
coefficient, ®(1) is incident optical flux, 4 is the incident
wavelength and R is the reflective coefficient.

The resolution of (3) in the depletion regions and in the
double homojunction n'nn" structure depends on the boundary
conditions at the limit of each region. This leads to evaluate
the current densities /1, /5, /3, Jq, and J4, of all photodetector.

For the first region n', (3) is solved by using the boundary
condition at x = 0 the holes excess carrier are related to the
surface recombination velocity (Sp): DP%=SpAp and the

condition at x = [; is Ap = 0. The boundary condition for the n
region at the limit x = [, + W, is proportional to holes excess
carriers Ap = 0. At the limit x =, the condition is given
by Ap = 0.

Moreover, the holes excess concentration at the limit of the
second region n" of structure (at x = W, and at x = L) presents
a continued value. The photocurrent in the depletion regions is
evaluated as:

L<sxsh+wW

=gd(1-R —aly _ ,—aWw;
a, — 94 ( )(e e )F . %)
L<x<lL+W,

o
Ja, = aP(1 = R)(e™*2 — e™®"2)

The total current density of the depletion regions is equal to
Ja =Ja, +Ja,- For the n'nn" photodetector the total current
density is calculated as J,p, =J; +J; +J3 +Ja, + Ja,- Then we
can calculate the photosensitivity which is defined as the ratio
of the photocurrent to the incident light power at a given
wavelength:

J

S = wamm ®)
where the incident light energy is hv and S is the
photosensitivity of the photodetector. Equation (5) presents
the dependence of the photosensitivity to the photocurrent
which describes the structure parameters effect to the high
sensitivity evaluation.

B. High Frequency Spectral Current Noise

In the high frequency region, the current fluctuations in the
n'nn’ structure are described by the dynamics of the free
carrier fluctuations. The structure and the analytical approach
are similar to that studied in [8] when the spectra current noise
is determined under a constant voltage drop at the terminals of
the diode (6U = 0). By using the analytical model described
in [8] the spectral density in the n'nn’ structure can be
represented:

2 .
Spy(w) = (w %) 3alZh, Niliby|* Sy (6)

V;

i _ 1oy .
where S/, = 4kT Am L 1S the spectral density of the thermal

Langevin force normalized to the free carrier number in i-
region (k is the Boltzmann constant and T the lattice
temperature), L = l; + [, + I; is the total length of the diode, A
is the diode cross-section, the b; ; coefficients are the elements
of the inverse matrix expressed by the elements: a,; = —w? +
iwv; + w2(1—1)), a3 =ap =103, Gy = —0?+iwv, +
wi(1=1y), a31 = Ay = 1w, Gp3 =03 =305, az; = —w’+

i

iov; + w3(1—13). Here n =lZ are the relative lengths and
w; = [N;e?/egym is the plasma frequency of i-regions.

The model of (6) is expected to describe correctly the
current fluctuations in the terahertz (THz) domain. In addition,
the spectrum of current fluctuations S;; in (6) can also be used,
on one hand, to describe the frequency dependent noise
through the term w% and, on the other hand, it allows us to
determine the contribution of the n" and n regions when the
dependence with position is included in [;.

C.Low Frequency Current Noise

In this theoretical model the possible noise contributions in
low frequency (f < 1 THz) such as the generation-
recombination or 1/f noise are not taken into account [9].
Moreover, we consider the applied voltage is sufficiently low
to assume that the diode exhibits ohmic characteristics, and
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then the dominant contribution to the total noise in the low
frequency region comes from the thermal noise.

The thermal current noise spectrum takes the Lorenzian
form given by [9]:

4kT <3 1

Siow (@) = 1+(wn)? “i=1F; @)

where R; is the resistance of i-regions and 7 is the average

collision (relaxation) time defined as v = £ ’;m (where p,, is the

electron mobility). The resistance of i-regions can be written
as:

L
Ri=pi7 (3)
where the electrical resistivity is p; and 4; is the cross section
of i—region. The electrical resistivity is given by:

1
eNiun

pPi = ©
The total spectrum of current fluctuations at low and high
frequency is obtained by using (7) and (6):

Sp = S]](w) + Siow (@) (10)

Equation (10) represents the basis of our analysis of the
noise spectrum of the n'nn" diode, which will be used for
detection parameter calculation.

III. DETECTION PARAMETER

This factor can determine the ability of the device to detect
the variations of the input optical signal. The detectivity of
n'nn’ diode is determined by the rate of change of the surface
charge density by using (11):

_ sVa
T VSp(@) an

Equation (11) is obtained by using the responsivity of (5)
and the spectral current noise of (10).
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Fig. 2 Photocurrent in an In, 53Gag4;As n'nn" diode with: &, = 13.8,
1y =400 cm’Vs™', m* = 0.046, Dp = 7.5, n; = 9.4x 10" em ™,
surface recombination velocity Sp = 10* cm.s™, I; = I3 =0.5 pm, [, =
0.25 pm, Ny 53 = 107 cm™ and N, = 10" ecm>.

IV. RESULTS AND DISCUSSION

The calculations of photocurrent have been carried out for
Ings3Gag47As n'nn' diode by considering (2) and (4). The
diode is characterized by a high free carrier concentration of
n* regions 10" cm™, a low concentration of n region 10"
cm * and a total length L = 1.5 um. Fig. 2 reports the separate
photocurrent contributions coming from n', n regions and the
depletion regions obtained from the analytical model.

In Fig. 2, we remark that the photocurrent (/) results of
the incident light covers the all wavelengths from 0.6 pm to
2.4 pm. The contribution of the first n* region to the
photocurrent is found to be of great importance. Moreover, the
photocurrent J; exhibits a high value in the wavelength range
from 0.6 pm to 2.1 pm due to the high excess carriers
generated under light illumination. The photocurrent J; (for i =
2 and 3 regions) increases in the wavelength from 2 pm to 2.4
um when the depletion photocurrent contribution is neglected
for all wavelengths.

0.9
08 F
07 E
06 F
D5 E
04
03k
D2 F
01 E
D L.
05 1 15 2
Wavelength (um)

Sensitivity (AW " em ™)

Fig. 3 Responsivity per unit surface of the n'nn" In, 53Gag 47As diode
for different length value [; with the structure is the same as that of
Fig. 2.
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Fig. 4 Responsivity per unit surface of an Ing s3Gag4;As n'nn" diode
for different free carrier concentration N; with: N; = N, N, =10"
em >, l; =13 =0.5umand [, = 0.25 pm.

Fig. 3 presents the sensitivity of an Ings3Gag4;As n'nn'
Photodetector by using the results of Fig. 2.

Fig. 3 shows that when the device length decreases (when [y
decreases) the photosensitivity increases. In addition, the
sensitivity of the n'nn* diode with [; = 0.05 um is more and
about double than the sensitivity of the device with [; =1 pm
length. This means that the n"nn" nanostructure can give better
sensitivity at higher wavelength range.

1472



International Journal of Engineering, Mathematical and Physical Sciences
ISSN: 2517-9934
Vol:8, No:12, 2014

The sensitivity of n'nn" photodetector in Fig. 4 is calculated
for different free carrier concentrations.

We remark that the sensitivity presents an important value
corresponding to a doping of 10'” cm™ due to the increase of
excess carriers photo-generated in the structure. Therefore, the
low doping leads to limit the photocurrent generated inside the
device.

Fig. 5 represents the static spectra of fluctuations of the
drift-current flowing through the n'nn" diode calculated in
accordance with (10) for different fixed values of the n" region
length (11). The analytical approach of n'nn" spectral current
noise is developed in [10].
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Fig. 5 Spectral density of current fluctuations per unit surface in a
Ing 53Gag 47As n"nn" diode for different I; value with: [; = I3, 1, =
0.25 um, Ny 53 = 107 em™3, N, = 10" em ™, v; = 0.1w;.
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Fig. 6 Spectral current density per unit surface in an Ing 53Gag 47AS
n'nn* diode for different free carrier concentration N; with the
structure is the same as that of Fig. 5.
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Fig. 7 Detection parameter of an n"nn" diode

As follows from Fig. 5, one can separate two areas in the
Sy (w) spectrum, the low-frequency plateau where the thermal
noise is considered and the high frequency where the noise is
related to the free carrier fluctuations. We remark that the
frequency position of the resonance peak increases when the
length of an n' region decreases (total length decreases)
according to (6) and (7). Moreover, the free carriers
fluctuations in (6) appear with the decreasing of [; (appears in
a nanostructure) when the thermal noise is dominant with
increasing of the device length. Therefore, the contribution of
the thermal noise in (7) may be neglected in nanostructure
compared to the high geometrical structure.

In Fig. 6, we remark that the current noise spectrum exhibits
a significant variation with free carrier concentrations.
Moreover, the resonance peak appears near the frequency 2
THz for the doping value 10'” cm™. The spectral current noise
increases with the increasing of the doping according to the
plasma frequency w; = +/(e?/eggm)N;.

We report in Fig. 7 the detection parameter for different I,
length values obtained by (11).

We remark that the detection parameter is proportional to
10" W 'Hz'" for the wavelengths range 0.6-2.3 pm.
Moreover, we observe the appearance of two high peaks of
detection parameter near 1 pm and 2.3 pm corresponding to
the presence of sensitivity peaks (see Fig. 3). The two peaks of
sensitivity (Fig. 3) due to the important absorption of the n'n
and nn" homojunctions.

This means that the detection parameter of an n'nn" diode
takes a constant value for the majority absorption wavelength
range. On the other hand, the detection parameter decreases in
low wavelength 4 <0.8 pm due to the increasing of the
spectral current density value (S,) according to (11). In
addition, we notice that by going from [; = 1 um to [, = 0.25
um the detection parameter of an n'nn" diode increase.

V.CONCLUSION

We have presented an analytical model to calculate the
sensitivity, the spectral density of the current fluctuations and
the detection parameter in an Inys;Gag4;As n'nn* diode. The
model allows us to describe precisely the high-wavelength
part from 0.4 pm to 2.3 um of the detection parameter. In
particular, the dependence of the detection parameter to the
device parameters, such as the free carrier concentration and
structure length, is discussed at an absorption wavelength
range of the Ing 53Gag 47As material.

The discussion of detection parameter results confirms that
the homojunction nnn” nanodiode has shown a good
capability for infrared wavelength photo-detection. Moreover,
the responsivity and spectrum current noise results can be
useful for optimizing the device parameters for the infrared
spectrum detection between 0.4-2.3pum.

The evaluation of the current noise in an Ings3Gag47AS
n'nn’ structure can determine the appearance of the intrinsic
resonance noise in low and high frequency and their
dependence on the total length and doping of the diode. The
spectral current density results improves that the Ing s;Gag47As

1473



International Journal of Engineering, Mathematical and Physical Sciences
ISSN: 2517-9934
Vol:8, No:12, 2014

n'nn’ structure is useful in high frequency operation as an
infrared detector.
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