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Abstract: This paper explores an alternative to the standard method of studying the responsivities (the input—output
gain) and other behaviours of detectors at low electron energy. The research does not aim to compare the results of
differently doped n'*p detectors; its purpose is to provide an alternative characterization method (using scanning
electron microscopy) to those used in previous studies on the responsivity of n*p doped detectors as a function of
the electron radiation energy and other interface parameters.
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1. Introduction

In semiconductor solid state physics, carrier generation
and recombination are processes by which mobile charge car-
riers (electrons and electron holes) are created and annihilated.
Carrier generation and recombination processes are indispens-
able to the application in many optoelectronic semiconductor
devices, such as photodiodes, LEDs and laser diodes. Irradia-
tion of a detector results in the formation of electron—hole pairs
which is the fundamental unit of generation and recombination,
corresponding to an electron transitioning between the valence
band and the conduction band.

Any defect or impurity at the surface of the semiconductor
encourages recombination and the rate at which such recom-
bination of carriers takes place is determined by the electron
and hole concentrations, the band structure of the semiconduc-
tor and the electronic properties of the defect at the Si—SiO,
interfacel!l. As the surface of a detector suffers a severe distur-
bance of the crystal lattice, this area of the detector is a major
center of particularly high recombination!?!. A well known fact
is that the high recombination rate in the proximity of a surface
diminishes the concentration of minority carriers in this region.
It has a harmful effect on the short-circuit current since the top
surface also amounts to the highest generation region of carri-
ers in the radiation detector®].

At the interface of the semiconductor (Si—SiO, interface),
the expression for the velocity at which the minority carriers
recombine is similar to the low injection bulk-recombination
process in which the minority carrier lifetime 7 is equal to
(apv[tht)_l. In an n-type material, the interface recombina-
tion velocity of minority carriers S, is depicted as

Sp = opvn Ny, (1)

where o, represents the hole capture cross section; vy, the ther-
mal velocity; and N, represents the number of trap centers (en-
ergy levels) per unit areal?].

In order to lower the interface recombination of minor-
ity carriers which studies have shown can have a major ef-
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fect on the short-circuit current, the open-circuit voltage and
the responsivity of the detector, the amount of dangling sili-
con bonds at the top surface is minimised by growing a layer
of silicon dioxide, SiO, on the top surface of the detector.
Although it helps to solve the problem described above, the
growth of SiO; on the silicon wafer introduces other phenom-
ena known as trapped charges; one of which is the oxide fixed
charge Qy. Qf, otherwise regarded as charge sheet, is located
within approximately 3 nm of the Si—SiO, interface and is as-
sociated with defects in SiO,. It is also fixed and very chal-
lenging to charge or discharge. A typical Q¢ for a well prepared
Si-Si0; interface is approximately 10!° cm™2 for a (100) sil-
icon surface, and about 5 x 10'® cm™2 for a (111) silicon sur-
facel*],

There are a number of methods for measuring detector re-
sponsivity. One very popular technique is the photoconduc-
tance method[>>®]. Another method involves the use of the mi-
croscope’s electron beam to generate an induced current in
order to map the electronic activity of the test sample, among
other things, and is known as electron beam induced current
(EBIC)[”-8]. While these methods are well known and effec-
tive, they come with the added task of using electronic com-
ponents and equipment®]. For example, while the photocon-
ductance method requires good optical detectors for measur-
ing optical power, as well as the use of a lock-in amplifier, the
EBIC method requires the use of the additional parts of a typi-
cal EBIC system. These consists of an external low-noise cur-
rent amplifier located outside the SEM’s high-vacuum cham-
ber, a signal conditioning circuit, and a high-vacuum electrical
feed-through to act as a bridge between the external current
amplifier and the sample inside the SEM chamber.

As a result, the benefit of the method used in this report is
that the use of external electronics is minimal. We have inves-
tigated different np detectors and the effect on the responsiv-
ity of the detector when implanted with different donors at low
energy. Also investigated was the consequence of Qy on the
detector’s responsivity as well as its net recombination when
irradiated with electrons.
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Fig. 1. (a) Schematic of the simulated nTp detectors (not drawn to
proportion) and the electron beam illumination spot. (b) Image of the
fabricated detector.

Table 1. Parameter used for the simulation process of the detectors.
Simulation of all the processing steps as well as the implantation of
impurities through 570 A thick SiO; were done to mimic the process-
ing described in the fabrication process in the next sub-section.

Implantation
Dopant Dose (cm™2) Energy (keV)
Phosphorus 0.4 x 1012 30
Arsenic 0.4 x 1012 56.4
Diffusion (Phosphorus and arsenic)
Temperature (°C)  Time (min) Anneal gas
900 30 Nitrogen

2. Simulation methodology and experimental
process

2.1. Simulation procedures

In order to identify the effects of the aforementioned sur-
face states on the detector operation, two n*p detectors with
different impurity dopants (arsenic and phosphorus) and dis-
tribution were simulated. Both detectors were simulated using
the same processing methods shown in Table 1. A schematic
of the simulated n*p detector is shown in Fig. 1(a) while the
concentration diffusion profile and resultant electric field of the
detectors are shown in Fig. 2.

To model the interaction between the electrons and the
detector, Monte Carlo (MC) simulation methods of Geant4
and Taurus Medici were used. “Standard” electromagnetic pro-
cesses were employed from the former to track the passage of
bombarding electron particles through the detector taking into

Fig. 2. (a) The simulated phosphorus and arsenic concentration diffu-
sion profile of the detectors. (b) Electric field created by the doping
gradient. As a result of the deeper arsenic profile, the built-in elec-
tric field is higher and as such of more effective movement of holes
into the depletion layer compared to the weaker electric field of the
phosphorus profile.

account possible interactions and decay processes' [1%. To ana-
lyze the silicon bulk and the Si—SiO, interface, we used some
simple mobility models in Taurus Medici such as the parame-
terization of mobility model to account for carrier heating and
velocity saturation effects! > 121, At every point on the discrete
mesh of the Si—SiO; interface, a simple model used during the
simulation by which an effective Shockley—Read—Hall (SRH)
recombination lifetime for each carrier ¢ was related to the

n
recombination velocities of electrons S, by

1 54 1
w6 A )]
where 7, (i) is the SRH lifetimes that are trap-assisted recom-
bination lifetime (concentration dependent), A; the semicon-

ductor area associated with the node; and d;, the length of the
interface associated with the node?.

2

'Geant4 employs an aggregate of the composition and rejection
Monte Carlo methods and comes with facilities for handling geometry,
tracking, detector response, run management, visualization and user
interface.

2Every region of the device structure is divided into a mesh of
nonoverlapping triangular elements. Solution values during simula-
tions are calculated at the mesh nodes at the corners of the triangular
elements. The total number of nodes in an interface region is calcu-
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Fig. 3. Energy by position diagram showing the cross-sectional per-
spective of absorbed energy (by position) in the detector substrate with
10 nm SiO passivation layer simulated at 0.5 keV, 200 000 electron
trajectories with a beam radius of 10 nm. It shows the display of en-
ergy contour lines calculated from the center of the electron imping-
ing point and shows the percentage of energy not contained within the
line. For example, a 10% line is the frontier between an area contain-
ing 90% of the absorbed energy and the rest of the sample (b). A scan-
ning electron microscope low magnification image of the fabricated
detector obtained with 15 keV primary electrons by the Stereoscan
360. The detector has a dimension of 12mm by 12mm.

Using the Monte Carlo simulation tool CASINO v2.42, the
cross-sectional perspective of the absorbed energy (by posi-
tion) in the detector substrate with a 10 nm SiO, passivation
layer is simulated at 0.5 keV, with 200 000 electron trajecto-
ries, as shown in Fig. 3(a). From the diagram, the gray shading
overlay ranges from light to dark as the density of absorbed en-
ergy increases’. It is seen that though a major part of the energy
is absorbed by the passivating oxide, an appreciable amount of
electrical output greater than the detector dark current can still

lated by adding the number of mesh points in the region, plus the num-
ber of mesh points along exposed boundaries[6].

3These tools (Geant4 and CASINO) were used because they are
specifically designed for low energy beam interaction and can be used
to generate many of the recorded signals (X-rays and backscattered
electrons) in a scanning electron microscope (SEM) as well as to sim-
ulate enough electron trajectories to represent the condition used to

image semiconductor structures in a SEM.

Fig. 4. (a) Experimental setup to measure electron beam current. (b)
The measured leakage current of the detector in comparison with the
simulated detectors at 2.5 V.

be generated from the absorbed energy in the active layer.

2.2. Fabrication process

A detector was fabricated at the Mid Sweden University
cleanroom using the parameters associated with the detector
doped with arsenic dopant in Table 1 on a 403 pm thick p-type
silicon wafer of (I11) orientation and axial resistivity of 4.15
k€2-cm when measured by the 2-point method. Boron was first
slowly diffused into the wafer as substrate doping through a
thin layer of thermally grown oxide. After the necessary pho-
tolithographic processes for mask and pattern transfer, a pre-
cisely controlled amount of low-energy dopant impurity was
implanted into the top region of the silicon material through
570 A thick SiO, which was etched away after the implanta-
tion. Then, a high-temperature drive-in step at 900 °C through
diffusion process for 30 min formed the n-type buried layer.
Finally, aluminum of about 500 A thickness was deposited as
front and back ohmic contacts. While wet chemical etching was
employed at every etching stage, care was taken to avoid any
contaminants on the surface of the device since the state of the
detector’s interface(s) were of utmost importancel*3].

3. Analyses and results

3.1. Measurement

Scanning electron microscope (Stereoscan 360) was used
for measurements and the detector current measured at a par-
ticular energy was used to calculate the measured responsivi-
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Fig. 5. Influence of interface recombination velocity of minority car-
riers on the responsivity of (a) arsenic doped n™p detector, (b) phos-
phorus doped nTp detector from 400 to 8 keV where Q5 = 5 x 1011
em™2. This value of O was chosen because typical values for Qr are
in the order of 1019-101! charges per cm—2, depending on the process
conditions!#l. Also research has shown that for some interfaces, the
magnitude of the fixed charge can be up to 1012 cm? (one-hundredth
of the interface atoms) especially under interface bond strain and bias
voltage applied to the detector oxidel13- 161,

ties* 8, (A/W) of the detector as defined in Eq. (3). A faraday
cup was first irradiated with an electron beam of energy v, to
measure the beam current /, which was used to determine the
quantity of electrons hitting the cup.

The detector was then irradiated with a beam containing
the same number of electrons and the resulting current /g
was measured with the use of a digital ammeter as shown in
Fig. 4(a). The average of several measured /, values was used
for statistical accuracy. Current—voltage measurements were
done to ascertain the detector’s leakage current in compari-
son with the simulated detectors and the results are shown in
Fig. 4(b).

As a result of the relatively high dark current, the SEM
measurement was done on the detector without detector bias
voltage to minimise the adverse effect of leakage current on
the result. §, is defined as

4Without any recombination, 0.27 A/W is expected with an aver-
age of 3.6 eV per electron-hole pair used.

Fig. 6. Simulation result of the effect of fixed oxide charge, Q¢ on (a)
arsenic doped np detector and (b) phosphorus doped nTp detector
where S, ~ 10° cm/s on the responsivity in amps/watts from 400 to
8 keV.

I I
= _ Tpd 3)
P I,v,
where I,q is the measured detector current; P is the beam
power; I,, the incident beam current; and v,, the electron ac-

celeration voltage.

T

3.2. Results

The effect of interface recombination velocity of minor-
ity carriers and fixed oxide charge on the responsivity of the
simulated and measured detectors are shown in Figs. 5 and 6,
with the maximum responsivity observed to be approximately
0.25 A/W. The responsivities of the detectors in Fig. 5 were
achieved with different interface recombination velocities of
minority carriers S, present at the Si—SiO, interface at a con-
stant fixed oxide charge, Q¢ of a typical silicon material.

As shown in Fig. 5, at a constant Q¢ and at each given
interface recombination velocity and energy, the responsivity
of the n™p detector doped with arsenic is about 0.17 A/W and
0.24 A/W at 0.5 keV and 2 keV, respectively, while the phos-
phorus doped detector is 0.08 A/W and 0.17 A/W for the same
energies. The difference between the responsivity from both
detectors is not unexpected as the doping profile of both de-
tectors is different, as seen in Fig. 2. What this implies is that
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the responsivity of a detector could be influenced by the dop-
ing concentration or the profile of dopant impurities. The dif-
ference may also be due to the dissociation effect and anoma-
lous behaviour exhibited by phosphorus diffusion in silicon,
even though its diffusion in silicon is associated with a doubly
charge acceptor vacancy v2-Bl

The result from the measured detector in Fig. 5(b) is seen
to agree with the simulation and this can implicitly give us an
idea of the fixed oxide charge and the surface recombination
velocity values of the detector. As such the detector can be said
to have an approximate values of 5 x 10!! em™2 of fixed oxide
charge and interface recombination velocity of 10° cm/s.

From Fig. 5, it is seen that the measured electrical output
per optical input cannot be significantly improved even when
the interface recombination velocity is reduced to less than 10*
cm/s. The n™p detector doped with arsenic exhibits the traits
of a perfectly responsive detector at an interface recombina-
tion velocity of approximately 10* cm/s whereas it would take
a slightly lower interface recombination velocity for the phos-
phorus doped np detector to display such characteristic. This
implies that even when there is a substantial interface recombi-
nation velocity at the oxide—silicon interface of up to 10 cm/s,
the arsenic doped n™p detector and phosphorus doped n*p de-
tector will still exhibit near maximum responsivity of 0.25 A/W
in this case. It also means that when the interface recombina-
tion velocity is < 10* cm/s there is no electron energy loss to
processes that do not lead to the creation of electron—hole pairs.

A similar result obtained at each energy from Fig. 5 can
also be noticed in Fig. 6. At a constant Sy, the result as depicted
in Fig. 6 shows that the responsivity of the detectors saturates
at a similar energy when the fixed oxide charge Qy is varied.
One significant difference is that the phosphorus doped n™p
detector can be described as being slightly more suppressive
or resistive to the influence of Qy.

4. Conclusion

We have, through this research, been able to explore an
alternative method of characterizing an n*p doped detector
under electron irradiation. We have also been able to use the
measure of the electrical output per optical input in the form of
electrons to infer the interface recombination velocity and fixed
oxide charge present in an n*p detector. We were able to obtain
the maximum responsivity of both the simulated and measured
detector (as 0.25 A/W in this research) using our method and
the result is in agreement with those obtained from previous
studies! 4.

We were able to use a new method devised as an alternative
to known standard methods to characterize the surface state
properties of the detector. The method was successfully used
to investigate the level of the input—output gain, the surface
recombination velocity and fixed oxide charges present at an
n™p detector interface using a scanning electron microscope.
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