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ABSTRACT: A theoretical analysis has been conducted for the quantum efficiency of
an InGaAs/GaAs resonant cavity p-i-n photodetector for the ultrashort optical
connections. The quantum efficiency at resonance has been estimated. The mathematical
model allows for the physical parameters of the photodetector, radiation wavelength,
mirror reflectivity and optical absorption in all detector layers. The relations between the
quantum efficiency and the reflection coefficient of the upper mirror of the
AlgsGag3sAs/GaAs resonator in combination with other variable parameters of the
structure have been determined. The magnitudes of the upper mirror reflection
coefficient depending on physical parameters of the structure have been found.

The rapid growth of computer technologies makes new demands to the high-
speed communication systems, including the ultrashort connections. The state-
of-the-art computers utilize optical connections not only instead of stubs but also
instead of electron logical elements of the motherboard. Thus, the research on
the optical connection elements (receiver, transmitter, waveguide) is still on the
agenda. Among the transmitters, the vertical resonator lasers (VRL) are the most
attractive choice. The receivers of the laser radiation are p-i-n photodiodes,
distinguished by a high response speed and the frequency characteristic being
shifted to the higher frequency range in relation to other types of photodiodes
[1-4]. Good promises show also the resonant cavity photodetectors (RCPD),
whose p-i-n structure is embedded into an optical resonator with the mirrors, as a
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rule, being the Bragg reflectors. The advantage of this engineering solution is
that the optical field is amplified at the resonance frequency inside RCPD. By a
small i-region, the achievable quantum efficiency is very high. For example, at
the order of dozens of nanometer it is almost 100% [1,2,5,6]. Hence, the
response speed of the diode that depends on the i-region width remains high.
Having a high response speed and perceptibility toward the required narrow
oscillation spectrum, RCPDs are the most suitable devices for data transmission
systems. The QE parameter ( 77 ) actually indicates the efficiency of

transformation of the optical power into the electric one and is the key factor for
all types of photodetectors. The QE magnitude depends on the physical
parameters of the detector and the resonator mirrors. The investigation of these
dependences determines the aim and the problems stated in this work.

The aim of presented paper is to explore the influence of the physical
parameters of a resonance cavity detector on its quantum efficiency. The
necessary values of the reflection coefficient to provide the high QE should be
achieved allowing for the given detector material and the wavelength to be
detected.

The problem to be solved is building, by means of the analytical model, the
dependence of QE on the reflection coefficient of the resonator mirrors, the
efficient layer width and the absorption coefficients. The results should be
analyzed to reveal the mechanism of controlling the QE by varying the physical
parameters. The obtained dependences will be used to determine the necessary
number of layers in the upper Bragg reflector that will ensure a high QE.

MATHEMATICAL MODEL

The quantum efficiency of the detector is defined as a probability for a photon
inside the detector to excite an electron that would produce the photocurrent.
The total QE includes the optical QE, taking into account the photon absorption
in the substance, the internal QE, taking into account the inelastic electron
scattering in the quantum well, and the barrier QE, taking into account the
electron scattering at the contact barrier.

In view of the above, we can write down the total QE

=140, (1)

where 77, is the optical QE, 7, is the barrier QE, 7, is the internal QE.

The diagram of RCPD is presented in Fig. 1. The efficient absorbing layer is
situated between two distributed Bragg reflectors (DBR) and is determined by
the thickness d and the absorption coefficient a. The distances between the

efficient layer and the upper and the bottom mirrors are denoted with Z, and L,,
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respectively, that means the length of the separating layer. The case in question
concerns a direct incidence of the radiation on the photodetector, so we confine
the consideration to the one-dimensional variant. Assume that the tangential
component of the electric vector incident on the photodetector is E;. By using

the plane wave approximation, decompose the electromagnetic field in the RCPD
structure into the forward wave £, and the back wave E,. The resonator mirrors,
the upper and the bottom ones, are described by the amplitude reflection coefficients
re”’ and r,e”’” , respectively, where ¢, and @, are the phase shifts conditioned
by the optical field penetration inside the mirror; 7 and 7, are the absolute values of
the amplitude reflection coefficients. The energy reflection coefficients of the upper
and the bottom mirrors are expressed as R, =7 and R, =7; , respectively.

E
DBR
z=0— -
ne'p g
L| a, 1
d 7o <« 2
L] a, 3
Rze'j(/’zzd T E/
z=L—
v
DBR

FIGURE 1. Shematic view of the resonance cavity detector: 1 and 3 are the separating layers, 2 is
the efficient layer.

The forward wave E, at the point z=0 can be obtained from the self-
consistence condition, i.e., E, is the total of the wave transmitted through the

upper mirror and the wave transmitted through the whole resonator forth and
back. Thus, the expression for E, can be presented as a self-consistent

equation [1,5,6]

Ef =tE + rlrze—ad—aex(Ll+L2) x @ /AL p+0) Ef, )
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where ¢, is the transmission factor of the upper DBR; « is the absorption
coefficient of the efficient layer; ¢, is the absorption coefficient of the separating
layer; £ is the propagation constant.

According to (2), the forward wave E, is written as

4

Er= R TR ey TR

/ 1-rre

The back wave E, has the form
B, = nye ¢ o/ Mh g 1 BLo 3)

The optical power inside the resonator is [1]

p=_"

) 2, (where s = f or b), 4)
2m,

ES

where 7, is the vacuum impedance; n is the refraction index of the detector

material.
Here, the optical power absorbed in the efficient layer F) can be derived

from the input power P in the following form [1,7,8]:

B =(Pe e+ Be et )(1-e) =
)

(1 _ ”12 ) (e—angl i }"22670(”1‘2 o %k ) (1 _e )

2 gL P

- 1-2nne " cos(2BL+ ¢ + ¢, ) +(nr,) e

where «a, is the normalized absorption coefficient equal to
a.=(a,L+a,L, +ad)/L.
Bearing in mind that the optical QE is

=" (©)

—a, Ay —a, L, a.L
(e “t e e Rzef)

1-2RR,e*" cos(2BL+p +¢,)+ R R, %" ] '

obtain

(7)

7, :(1_Rl)(1_e_ad)[
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As can be easily seen from (7), QE has a periodical spectrum. The peak QE
will be observed at the resonance wavelength. At the resonance,

(2BL+ ¢, + ¢, =2mx (m=1,2,3...)), expression (7) can be reduced to

(e_%LI 4ol Rzea‘L) —ad
Na = |:1 \/ﬁe_acL :|2 X(l_Rl)(l_e ) ®
- JRR,

It should be noted that in eq. (8) the reflections at the boundary surfaces
between the efficient layer and the separating layers are neglected. This
approximation is true when the considered object is a heterostructure with small
contrasts of the dielectric constant [1,3,7].

The influence of the standing wave (SW), i.e., the spatial distribution of the
optical field in the resonator, is also neglected in this equation. While dealing
with detectors having thick efficient layers covering several SW periods, one can
neglect the SW influence. However, the SW contribution is considerable for
very thin efficient layers [8].

The SW contribution can be taken into account by using the concept of an
efficient absorption coefficient [1,8]

a,; =SWC-a, ©)

where SWC is the corrected SW coefficient; «,, is the efficient absorption
coefficient in the efficient region, taking into account the SW influence.
Substituting a by «,; in (8), we obtain QE that allows for SW.

For a case when ¢, =0, ¢, =0, i.e., the radiation wavelength corresponds
to the Bragg mirror wavelength A=4,, and L, =L,, i.e., the efficient layer is

situated directly in the center of the resonator, one can apply the following
formula for SWC [8]:

2r,sin( Sd
SWC=1+ 2—(ﬁ2) , (10)
pd(1+77)
27n Lin +L . . .
where [ =—ﬁ; Ry = 1/ 2Ln2 + dn, is the efficient refraction index, n,,

n, and n, are the refraction indices of the separating and the efficient layer.

The internal QE parameter should be considered only when the
photodetector contains quantum-dimensional layers. The optically excited
electrons in the efficient layer will experience an inelastic scattering, as a result
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lose their energy, thus the probability of escaping the potential well will
decrease. The parameter can be presented in the form

n,=exp(-d/L,), (11)

where L_is the free path length of the electron.

The barrier QE is defined as a probability for the electron to run a distance
of x near the barrier without scattering

n, =exp(—x/Ly), (12)

where L_ is the free path length in the potential well created by force of “electric

image”; x is the distance between the barrier peak and the boundary. The force
of “electric image” characterizes the interaction between the electric charges and
the boundary of two semiconductors [9].

The location and the height of the barrier peak depends on the applied bias
voltage, as the external field changes the force of “electric image” [10]. As a
result, the dependence of the photocurrent on the bias voltage is conditioned by
the electron scattering in the potential well at the boundary and by the variation
of the maximum barrier energy. Distance x can be presented as [10]

)5
xz[Lj : (13)

167s,6, I

where ¢ is the electron charge, ¢, is the dielectric constant, &, is the dielectric
permittivity of the efficient layer, F'=(V, —V,)/d is the electric field in the
efficient region, V), is the bias voltage, V¥, is the plane region energy.

THE STRUCTURE UNDER INVESTIGATION

The detecting structure is a three-layered Ing,GagsAs/GaAs compound, whose
optical length is a half-wavelength of the incident radiation (4 =0.98 pum ). The
structure and the materials were chosen on the basis of experimental data
obtained by various research teams, with the regard of the information on actual
devices [3-5,11-13]. The diagrammatic view of the structure in question is
shown in Fig. 2.

The choice of Ing,GaygAs as the active material was conditioned by the
presence of the absorption peak in the region of 1 um, since much of the
radiators used in the data transmission systems, operate in this very spectral
range. The separating layer material was chosen to be GaAs, in the first place,
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due to the minor absorption at the operating wavelength [2,3]. For DBR we
selected a multilayered mirror AlyssGagssAs/GaAs. This structure is
characterized by low barrier voltages, high heat conductance, high electric
conductance, the required contrast of the refraction indices, low losses of the
radiation absorption at the free carriers and the possibility to apply the methods
of the current and optical field transverse limiting. The thickness of the Bragg
mirror layers was selected such that the Bragg mirror wavelength A, was

0.98 pum .
‘!' ‘!' ‘!' ‘!' AlGaAs/GaAs
——

p contact
GaAs
InGaAs
GaAs
AlGaAs/GaAs
¢—n contact

FIGURE 2. The structure under investigation.

The Table 1 lists the parameters used for the numerical modeling of QE and
the reflectance of DBR.

Table 1: Structure parameters

Parameter Value
Efficient layer thickness, d (Ing,GaggAs) from 4 to 15 nm
Separating layer thickness, 4 (GaAs) gl%lg)leg(liitr?g6o7nnal’nvalue)
Mirror layer thickness (AlgsGag3sAs) 77.44 nm
Mirror layer thickness (GaAs) 69.5 nm
Refraction index Alg¢sGagssAs 3.1637
Refraction index GaAs, ny, n» 3.5256
Refraction index Ing,GaggAs, 1, 3.5691
Absorption coefficient of the efficient region, from 1.5°10*
a (Ing,Gag sAs) to 24:10* cm’
The absorption coefficient of the separation 1.5-10% em”!
layer, a., (GaAs)
Plane wave energy, V, 21V
Carrier free path length, L, 250 A
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RESULT ANALYSIS

Figures 3 and 4 demonstrate the computation results for QE as a function of the
upper mirror reflection coefficient R, for various values of the bottom mirror
reflection coefficient R,. The graphs are built for two values of the efficient
layer absorption coefficient at the resonance. According to the computations, the
only dependence having a peak is QE v.v. R,, hence below we will consider this
dependence for various values of other structure parameters. The value of R, at
the peak of QE depends on R,. To reach the maximum QE, R, should be
decreased simultaneously with R,. The maximum amplification in the resonator

could be reached provided that the radiation is retained in the central part, i.c.,
the condition R,> R, should be satisfied.

Quantum efficiency, %

0 1 1 1 1 1 -
0 01 02 03 04 05 06 07 08 09 10
Refelection coefficient of the upper mirror

FIGURE 3. Dependence of QE on the reflection coefficient of the upper and the bottom mirrors
for & =1.5-10* cm™. The number in brackets denotes the DBR layers for the bottom mirror. The
solid curve corresponds to R,=1 at N=oo. The rest of curves top-down R,=0.98(N=50);
R,=0.95(N=40); R,=0.86(N=30); R,=0.63(N=20).

As seen from the graphs, 77 decreases as R, goes down at any value of R, .
The reason is that while decreasing R,, the losses increase considerably, as a

part of radiation after every passage inside the resonator leaves it through the
bottom mirror. Due to the quantum-dimensional nature of the efficient layer, the
absorption per one passage is very small. Hence, the reflection coefficient of the
bottom mirror should be as high as possible. Interesting moment is that the
stronger the influence of the R, magnitude on QE, the lower the absorption

coefficient in the efficient layer (compare the curve bias in Figs. 3 and 4), as
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during one passage the ratio between the absorption in the efficient layer and the
losses at the bottom mirror will become smaller.

Quantum efficiency, %

01 02 03 04 05 06 07 08 09
Reflection coefficient of the input mirror

FIGURE 4. Dependence of QE on the reflection coefficient of the upper and the bottom mirrors
for a=2410* cm™. The number in brackets denotes the DBR layers for the bottom mirror. The
solid curve corresponds to R,=1 at N=c. The rest of curves top-down R,=0.98(N=>50);
R,=0.95(N=40); R,=0.86(N=30); R,=0.63(N=20).

As known, the reflection coefficient grows as the number of the DBR layers
increases [2,12], that is shown in Fig. 5, illustrating the dependence between the
reflection coefficient of the bottom mirror and the layer number. Obviously, by a
small number of layers, the dependence is almost linearly ascending. It enables
one to obtain a relatively high reflection coefficient by simple adding layers to
the bottom DBR. However, when the layers are more than 15, an inflection of
the curve occurs and the growth of the reflection coefficient slows down. The
reflection of every individual layer diminishes due to their bigger total number,
which causes the saturation. Thus, the 100% reflection can hardly be achieved
just by adding new layers. The unlimited piling of the DBR layers will lead to
the increase in the production cost and growth of the optical losses in DBR. So
the reflection coefficient of R,=0.98 for the exit mirror seems to be sufficient

[3,4,13]. This value can be reached by the layer number N =50. Even more
efficient method of obtaining the maximum-close-to-unity reflection coefficient
implies usage of materials with a high refraction index contrast [14].

The reflection coefficient in the multiple DBR layers, i.e., the external
layers, the substrate and the separating layers, were taken into account as well.
As distinct from the bottom mirror, air is also numbered among the external
layers of the upper one, so that the contrast of the air-AlGaAs refraction index is
quite high. It causes an essential increase in the mirror reflection coefficient by
the same number of layers (Fig. 6), enabling one to reduce their number.
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FIGURE 5. Dependence of the reflection coefficient of the bottom mirror on the DBR layer
number.

10 20 30 40 50
Number of layers in the upper Bragg reflector, N

Reflection coefficient of the upper mirror R |

FIGURE 6. Dependence of the reflection coefficient of the upper mirror on the DBR layer
number.

Now let us consider how the thickness of the efficient layer influences the
QE. Figure 7 shows that QE increases with the efficient layer getting thinner.
This result is true solely for detectors with quantum-dimensional efficient layers,
because the total QE includes the optical and the internal quantum efficiencies.
According to the theory, for the massive-semiconductor-based detectors, the
thicker the efficient layer, the higher the optical QE [2]. For the detectors having
quantum-dimensional efficient layers, the contribution of the internal QE is
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relevant (11), which increases in inverse proportion to the efficient layer
thickness and has a more pronounced effect on the total QE by minor variations
of the efficient layer thickness. The QE peak shifts toward higher reflection
coefficient R,. This can be explained by a reduced absorption in the efficient
region during a single radiation passage through the efficient layer, and

consequently the possibility to perform more passages due to the enhanced
reflectivity of the upper mirror.
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FIGURE 7. Dependence between QE and the reflection coefficient of the upper mirror by various
thickness of the efficient layer. The solid curve corresponds to d =15 nm, the dashed one to
d = 12nm, the dotted one to d = 8 nm, the cross-marks to d =4 nm.

Figure 8 presents the relation between QE and the reflection factor of the
upper mirror for various optical absorption coefficients of the efficient layer.
The QE grows predictably by a stronger absorption. At the same time, the QE
peak moves toward lower reflection coefficients of the upper mirror. The
reasons to such behavior are as follows. One of the conditions of a low back
reflection of the detector radiation at the resonance wavelength is the multibeam
interference within the resonator. The multiple radiation passing from mirror to
mirror is very important here. By a strong increase of the absorption in the
efficient region, the number of passages drops and no sufficient interference can
be achieved. Consequently, the reflection from the detector is high and,
correspondingly, the Q-factor is low. The less the reflection from the upper
mirror, the less the necessary number of passages, and as a result the Q-factor
and QE increase. If the optical absorption is low, more radiation passages are
required for a complete absorption in the efficient layer. Thus, the reflection
coefficients should be high to provide a high Q-factor.
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FIGURE 8. Dependence between QE and the reflection coefficient of the upper mirror by various
absorption coefficients of the efficient layer. The solid curve corresponds to a=1.5 pm™, the

dotted one to =5 pm™' , the dashed one to =15 pm™ , the circle-marks to a=24 pym™ .

The calculations have proven that the influence of the absorption
coefficients of the separating layers on QE of RCPD is negligible. It was also
revealed that the barrier quantum efficiency can amount to almost 100%
provided that the bias voltage is chosen properly [15].

CONCLUSION

The task of analyzing the dependence between the physical parameters of the
resonant cavity detector and its quantum efficiency has been successfully
completed. The calculations have revealed that:

- the dependence of QE versus the reflection factor of the upper mirror has an
extreme function. By quite a high absorption, the peak of the characteristic
corresponds to a low reflection coefficient of the upper mirror (QE = 54.1%
for a =24-10" em’, d =15 nm, R,=0.98 and R, =0.24) (the role of the
upper mirror can be played by the reflection from the air-semiconductor
boundary [1]);

- the further growth of the total QE is hindered by the low internal QE due to
the quantum effects in the efficient layer. A high QE can be achieved by
reducing the efficient layer thickness (QE =80.7% for a =24:10*cm™,
d =4nm, R,=098 and R =0.67, ie., ten layers of the upper mirror
suffice);
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- the bottom mirror should have the maximum possible reflection coefficient.
By a reduced number of the layers in the bottom mirror, the number of the
upper mirror layers should be reduced correspondingly in order to maintain
the required QE;

- QE drops when the absorption in the efficient layer weakens, but a relative
decrease can be registered only when the absorption coefficient reduces by
an order. In this case the requirements to the reflectivity of the upper mirror
are drastically changed (QE=54.1% for a =24:10°cm™ and R =024
against QE = 44.3% for o =1.5-10" cm™ and R, = 0.9).

This research has yielded the numerical results on the reflection coefficient
of the upper mirror for the given materials the detector is made off and the
detected radiation wavelength, which are new for this area of investigation. The
understanding of the relation between the physical parameters of the structure
and QE is highly important for creating new RCPD designs and improving the
existing ones.

We have analyzed the influence of the physical parameters of the structure
on the quantum efficiency at the resonance only. However, a more detailed
specification should also allow for the non-resonant case where the wavelength
dependence is relevant. The above considered analytical model is inapplicable
for more in-depth studies, so one should resort to the methods of QE estimation
based on the intrinsic electromagnetic field calculation.
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