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The optical absorption is the most important macroscopic process to characterize the microscopic optical transition
in the semiconductor materials. Recently, great enhancement has been observed in the absorption of the active region
within a p—n junction. In this paper, GaAs based p—i—n samples with the active region varied from 100 nm to 3 um
were fabricated and it was observed that the external quantum efficiencies are higher than the typical results, indicating a
new mechanism beyond the established theories. We proposed a theoretical model about the abnormal optical absorption
process in the active region within a strong electric field, which might provide new theories for the design of the solar cells,
photodetectors, and other photoelectric devices.

Keywords: photoelectric, p—n junction, absorption coefficient

PACS: 78.55.Cr, 78.40.Fy, 78.20.Ci, 72.20.Jv

1. Introduction

Strong interest of studies for optical absorption can be
traced back to the discovery of photovoltaic effect in 1839. As
the world is facing more and more serious energy shortage, so-
lar cells become an important research direction.!' On the
other hand, with the coming of intelligence and information
age, the development and design of new photodetectors and

t.5-81 Since the op-

photoelectric sensors are in the ascendan
tical transition and absorption process are the physical bases
of the above photoelectric devices, the study of absorption has
attracted much attention of researchers. 13

In the established theory of absorption process, the ab-
sorption coefficient ¢« plays an important role, which is
the basic macroscopic parameter in semiconductors manu-
als to characterize the microscopic optical transition. In
1962, the absorption coefficient was obtained by transmis-
sion measurements of Sturge.['*! Then, other researchers
used the Kramers—Kronig analysis and detailed balance the-
ory to calculate the absorption coefficient of GaAs based
materials.['>1° Today, the most widely used result is from
Adachi which shows that a of GaAs is 5.38 x 10°> cm~! at

1.42 eV at room temperature. 2%}

DOI: 10.1088/1674-1056/abf10c

Based on the traditional theory, the absorption coefficient
of the direct transition can be calculated by the following

formula:[?!!
o = Cla- Poy(K)| - Jey (@), ()
2dk
Jev(io) = [ 2558 (Fo—Ev—ho), @)
(27)

where « is the unit vector of photon vibration, and Py (k) is
momentum matrix element of the transition from the initial
state to the final state, which is only related to initial and fi-
nal wave functions. Jey(h) is called joint state density and
obeys the relationship of Jcy o< Nc - Ny. Theoretically, for a
certain semiconductor material, the absorption coefficient ¢ is
only dependent on the wavelength of incident light.

However, recently there have been some experimental
results showing anomalous enhancement of the absorption
coefficient.[?>=231 It is found that the absorption coefficient of
the material between a p—n junction was enhanced up to an
order higher than the commonly used value. These results
of anomalous enhancement of the absorption indicate a new
mechanism beyond the established theories. In response to the
new discovery, unfortunately, there is no clear physical expla-
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nation for these phenomena in previous articles, even tentative
discussions are rarely proposed.

In this paper, GaAs is chosen as the study object, since
GaAs based optoelectronic materials have made great progress

[26-301 In our experiment,

to get application in a lot of fields.
four GaAs based p—i—n structure samples with the depletion
region of different thicknesses from 100 nm to 3 pm were
fabricated and tested for optical absorption from 1.4 eV to
3.1 eV. The enhancement of absorption was observed in this
GaAs based p—i—n structure and a new theoretical model was

put forward.

2. Experiments

Four GaAs based p—i—n structure films were grown by
V80H molecular beam epitaxy (MBE) by V80H equipment
on p-GaAs substrates. The contents of samples are shown in
Fig. 1, which consists of a p-GaAs substrate layer (used as the
p-contact layer), a 500 nm p-GaAs layer with concentration of
4.5 x 107 cm 3, an intrinsic GaAs layer, a 150 nm n-GaAs
layer with concentration of 5 x 10'7 cm™3 and a 150nm n-
GaAs contact layer. The thicknesses of the intrinsic GaAs lay-
ers which work as the active regions are 100 nm, 300 nm, 1 wm
and 3 um for the four samples, respectively. After the growth,
the samples were fabricated to solar cells with the standard
solar cells process. The contact pads are distributed on the op-
posite side of the samples. The light is incident through the
n-GaAs contact layer and n-GaAs layer to get in the intrinsic
layer. The size of each unit cell is 5.5 x 5.5 mm?.

n-GaAs contact
n-GaAs

intrinsic GaAs
- p-GaAs

— p-GaAs
substrate/contact

Fig. 1. The structure diagram of the samples.

Then, photocurrent measurements were carried out for
the four samples. A white light through a grating spectrometer
was used as the excitation source, and the power distribution
with the wavelength was measured by a standard power meter.
The electrical properties were characterized by Keithley 4200-
scs semiconductor parameter analyzer. To focus on the optical
absorption, the following mentioned photocurrents in this pa-
per were measured with no bias voltage. The relationship of
the photocurrent and external quantum efficiency (EQE) could
be given by the following formula:

Iph

EQE= 2

hc
Pin ' Ja (3)

where Iy, is the photocurrent, P, is the power of the incident
beam, 4 is Planck constant, c is the light velocity in the vac-
uum, e is the elementary charge and A is the wavelength of the
incident beam. Results of the experiment and specific discus-
sions are in the next section of this paper.

3. Results and discussion

With using hypothesis of complete ionization of impuri-
ties, the built-in electric field was simulated for all samples, as
shown in Fig. 2.

It demonstrates that the thinner depletion region has the
higher intensity for the built-in electric field in the depletion
region. The peaks at the p—i or n—i interface are caused by
abrupt-junction due to the p—i or n—i contact.3!! There is no
electric field in p or n regions, so only the carriers generated
in the depletion region can drift to make contribution to the
photocurrent, while in other regions unbalanced carriers can
only do diffusion and most of them are consumed by recombi-
nation.

The photocurrents of four samples were given under the
normalized 100 uW incident light with continuous changed
wavelength of 400-900 nm, which is shown in Fig. 3(a).

The photocurrents decrease rapidly when the wavelength
exceeds 870 nm, which accords with the normal conclusion
that the energy gap of GaAs is 1.42 eV at room temperature so
the photons with lower energy cannot make excitation. The
photocurrents are not zero from 870 nm to 900 nm, which
is probably caused by the broadening of excitation light. It
is noted that when the wavelength is shorter the absorption
coefficient is higher but the photocurrents are lower in our
experiments, which is because most of the incident power is
lost in the n-type incident region and only few photons could
get into the active region. Since there is no built-in field in
the n-type region, the unbalanced carriers could only make
contribution to the photocurrents by diffusion. The loss of
incident power in the n-type region (/) increases as the ab-
sorption is stronger. To evaluate the influence of the 300 nm
n-type region, the photocurrents generated in the n-type re-
gion were estimated. When the wavelength is 400 nm, nearly
100% of the incident light is absorbed in the n-type region, so
according to the photocurrent at 400 nm and minority diffu-
sion decay n = ngy e/ Ly the diffusion length was estimated
to be 110 nm. Based on the absorption coefficient and dif-
fusion length, the photocurrents generated in the n-type re-
gion were derived from 400 nm to 900 nm by the formula
I = Py - [ eldn)/Ly . e~ gdy, which is shown in
Fig. 3(b). The concentration dependence of absorption coef-
ficient in the n-GaAs layer has been considered in the above
calculation.!!> Based on the photocurrents of samples and the

. . Ln—1
calculation of the n-type region, the EQE = p';)_ 2y :’—i was ac-
n

quired, in which the I;, is calculated photocurrents generated in
n-type region. The theoretical EQEs based on the o of GaAs
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from Adachi were also obtained, considering the absorption
of 300 nm n-type GaAs layers. The mathematical expression
is EQE = e % — ¢~@(do+d) in which dj is the thickness of
the n-type layer (here equal to 300 nm) and d is the thickness
of the active region. This deduction has ignored the scatter-
ing process in the transport of carriers. The result is compared
to our experimental results and is shown in Fig. 3(c). Fur-
thermore, the theoretical results are much smaller than the ex-
perimental results despite that all the energy losses have been
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ignored, which suggest the absorption is enhanced beyond the
theoretical calculation in our experiments. It is noticed that
the traditional results are based on the single layer bulk GaAs
material, but in this study the active region is within a p—n
junction and under the built-in field with the intensity over
10* V/cm in the 1 pm thickness. These results imply that
there is enhancement of absorption process in a thin active re-
gion within a p—n junction and the strong built-in field plays
an important role in this enhancement.
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Fig. 2. Simulated built-in electric field intensity for samples with different thickness for the active region. (a) Built-in field in 100 nm depletion
region. (b) Built-in field in 300 nm depletion region. (c) Built-in field in 1 um depletion region. (d) Built-in field in 3 um depletion region. It
demonstrates that there is no electric field in other regions except the depletion region.
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Fig. 3. Experimental results of four GaAs samples with different thicknesses of active region between the same p—n junction. (a) Photocurrents
of four samples under the normalized 100 W incident light related to the wavelength of 400-900 nm. (b) Calculated photocurrents generated in
the 300 nm n-typed region under the normalized 100 W incident light. (c) Comparison of the EQEs related to the wavelength of 400-900 nm
obtained from the photocurrents of this study excluding those generated in the 300 nm n-typed region and the calculation by the absorption

coefficients from Kramers—Kronig results of Adachi.[?"!

Absorption process is essentially the transition of elec-
trons excited by incident photons. The excited electrons would
recombine with the holes at the top of the valence band. How-
ever, within a p—n junction, because of the existence of built-in

electric field, these unbalanced carriers are going to move in
the depletion region. For a photogenerated carrier, the opti-
cal transition and absorption process could be demonstrated in
following diagram, as shown in Fig. 4. Firstly, the electrons
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are excited by incident photons from valence band to conduc-
tion band and this process takes time, #;. Then, some of these
unbalanced carriers escape from the depletion region to exter-
nal circuit forming photocurrent under the built-in field, which
takes time, f.. There are also some unbalanced carriers relax-
ing to the bottom of the conduction band due to the collision
and scattering with lattice, which takes time, #,. These relaxed
electrons finally recombine with holes in the valence band,
which takes time, 3. Traditionally #, and t3 are not consid-
ered in the absorption process and the absorption coefficient is
independent of them.

I

|

I

i

i

|
condudt

¥
|
|

valenjce band e

Fig. 4. The diagram demonstrating the optical transition and absorption
process in the active region in a p—i—n structure, which is based on the
energy band in k-space.

According to the Pauli exclusion principle, when an elec-
tron is excited from the valence band to the conduction band,
a state in the conduction band will be occupied and no other
electrons could be excited to this state. Consequently, in the
absorption process, an occupied excited state no longer con-
tributes to the optical absorption. Each state switches between
occupied and unoccupied state, but when the dynamic bal-
ance is achieved the total number of unoccupied excited states
remains constant. Theoretically the excitation probability is
equal to 1/¢, and analogously, the escaping probability can
be described by 1/f.. And . is related to the excitation posi-
tion in the active region, which could be given by 7. (x) = x/vq.
Here vy is the drift velocity under the built-in electric field, and
x is the distance from the excitation position to the active re-
gion boundary with the n-type region. In the case without a
p—n junction, the unoccupied state densities are Ncg and Ny,
respectively, and they are both proportional to 1/f;. When the
active region is within a p—n junction, the unbalanced carri-
ers can escape from the depletion region driven by the built-
in field. The additional escaping path greatly accelerates the
carriers leaving the occupied states, which will increase Ncg
and Nyg to Nc and Ny. The additional part of the unoccupied
state densities is proportional to 1/f., and Nc and Ny can be

acquired as the following formulas:

t t
Ne (x) = Neo (1+t(lx)) = Nco (H—;) ;
e Ve

Ny (x) = Nyo (H_te(dtl—x)) = Nvo 1+dtlx>~ ®)]

Vh

“

In the formulas, v. and v, are the drift velocities of carriers
in the built-in electric field in the active region of the con-
duction band and valence band, respectively. The drift veloc-
ity vq is given by vq = UEj, and the mobility u is regarded
as 200 cm?/(V-s) and 1500 cm?/(V-s) for holes and electrons,

32.33] F. is from the simulation results shown in

respectively.|
Fig. 2. Considering that the acceleration of carriers in the built-
field around the boundary is complicated, 7. (x) was cut off at

the position 20 nm to the boundary.

- - - N\/ZNV() (a‘)
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Fig. 5. The results of calculation. (a) The calculated increasing of o(x)
in 1 pm sample. (b) The EQEs were calculated out from above theory
and were compared with the experimental results and results obtained
from the & of Adachi.

Based on formula (1) and Jcy < N¢ - Ny, a(x) can be
acquired. The absorption coefficient from traditional theory
0 is 5.38 x 10° cm~! for GaAs at 870 nm.!2%! As the calcu-
lated results that pE;, is much larger than the saturation ve-
locity of electrons and holes in GaAs for 100 nm and 300 nm
samples,!'!! we used the saturation velocity in following cal-
culation instead of the uEj, in these two samples. The power
of incident beam can be acquired as the following formula:

dP = —Pa (x) dx. ©)
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Then the power distribution of incident beam could be calcu-
lated by integral operation. From the deduction, the EQE of
the p—i-n GaAs structure can be calculated without scatter-
ing process of unbalanced carriers. According to these results,
the EQEs of GaAs samples have been obtained to be com-
pared with the experimental results, as shown in Fig. 5. From
Fig. 5(a), there is significant increasing of effective state densi-
ties in the active region. When the excitation position is close
to the boundary of the depletion region, #. tends to 0, so Nc,
Ny and o (x) are very large. It is noted in Fig. 5(b) that the
results from the theory put forward by this paper agree with
the experiments better than the traditional theory, and there is
significant enhancement of absorption in the active region.

As the basic stone of the theory for solar cells and pho-
todetectors, the absorption process determines many other
properties in these devices. Since the photocurrent could be

acquired by I, = ££(1 — e~ 1)

, the enhancement of absorp-
tion will result in the increasement of the photocurrents, as
well as the transfer efficiency, fill factor and other performance
of the photoelectric devices. Therefore, the new discovery of
enhancement of absorption will inspire researchers to the re-
considered the established theory for solar cells, photodetec-

tors and other photoelectric devices.

4. Conclusion

In summary, we demonstrated a significant phenomenon
of enhanced absorption in the thin active region of GaAs based
p—i—n structure, which is inconsistent with the traditional the-
ory for the bulk GaAs materials. The external quantum effi-
ciency of the photoelectric devices increased large compared
to the expectation of the traditional theory. The mechanism of
optical transition and absorption process in a p—n junction has
been reconsidered and a new theoretical model is put forward.
Simulation and calculation were carried out based on the new
theoretical model, and results showed a good agreement with

the experiments. These results might help to further under-
stand the mechanism of optical transition and absorption in
p—n junction and promote the development of new solar cells,
photodetectors and other photoelectric devices.
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