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Dependence of Ion-Implant-Induced LBIC Novel
Characteristic on Excitation Intensity for
Long-Wavelength HgCdTe-Based Photovoltaic
Infrared Detector Pixel Arrays
Wei-Da Hu, Xiao-Shuang Chen, Zhen-Hua Ye, A-Li Feng, Fei Yin, Bo Zhang, Lei Liao, and Wei Lu

Abstract—In this paper, experimental results of laserirradiance-dependent polarity inversion of laser beam induced
current (LBIC) for As-doped long-wavelength HgCdTe pixel arrays grown on CdZnTe are reported. Models for the ion-implantinduced junction transformation are proposed, and demonstrated
using numerical simulations. The novel trap-related p-n junction
transformation induced by ion implantation is observed under
typical laser irradiances for low temperature. The implantationinduced traps and Hg interstitial diffusion are key factors for inducing the LBIC coupling, polarity reversion, and junction broadening at different laser irradiances. The trap type, trap density,
and junction configuration are extracted from the measured experiment data. The results provide the near room-temperature
HgCdTe photovoltaic detector with a reliable reference on the junction reversion and broadening around implanted regions, as well as
controlling the n-on-p junction formation for very long wavelength
HgCdTe infrared detector pixels.
Index Terms—Laser beam induced current, HgCdTe long wave
infrared detector, junction transformation, device simulation.

I. INTRODUCTION
UE TO tunable absorption wavelengths, high quantum efficiency, and a wide operating temperature range,
HgCdTe-based photodetectors are the promising devices of
choice for many infrared thermal imaging systems [1]–[3]. Currently, typical HgCdTe infrared focal plane array (IRFPA) photodetectors operating at cryogenic temperatures are based on
the n+ -on-p junction [4]–[7]. While molecular beam epitaxy
and liquid phase epitaxy techniques have been extensively used
in fabrication of HgCdTe films for many years, long wave-
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length HgCdTe IRFPAs still suffer severely from temperature
and photo activated defects and nonuniformities in the performance of individual elements [8]–[11] due to the very small
band gap and complex doping behavior for the p-n junction.
Device fabrication yield for long wavelength HgCdTe IRFPAs
is very low, typically less than 10% for large 2-D arrays, while
the yields of Si-based CMOS and GaN-based LED are usually more than 90% and 80%, respectively [12]. The common
junction profiles for the typical photovoltaic infrared detector
are n+ /n− /p or n+ /p− /p according to the impurity background
type along the junction [13]. Generally, n+ /n− /p is the preferred
junction profile because the junctions can be formed away from
the ion-implant-induced damage region and the junction depth
can be controlled [13]. However, there are few convenient techniques that can quickly and nondestructively measure the junction profile of each pixel for an HgCdTe infrared focal plane
array. Recently, laser beam induced current (LBIC) imaging has
been used in determining the junction formation [14]–[17], and
has been proven to be an effective method to detect the junction
profiles of HgCdTe pixels for long wavelength infrared focal
plane arrays. LBIC imaging can provide spatially resolved information about electrically active defects and localized nonuniformities in HgCdTe materials and devices used for infrared
photovoltaic arrays [17]–[19].
However, analysis of LBIC measurements of HgCdTe-based
photovoltaic detectors has been acknowledged to be a difficult
task because of the large number of factors influencing the LBIC
signal [18]–[20]. These factors include the junction type conversion at specific temperatures, ion implantation induced damage to the semiconductor materials, and mixed conduction near
room temperature. Additionally, unique characteristic parameters of semiconductor material properties including the minority
carrier lifetimes and diffusion lengths in vicinity of the p-n junction, and other nonideal effects such as surface recombination
and localized leakage also influence the LBIC signal. The temperature and laser beam property dependence of LBIC imaging
on mid-wavelength Hg-vacancy doped HgCdTe p-n junctions
has been described by Redfern et al. [21], [22], who illustrated
that a peak-to-peak LBIC signal would reach saturation under low temperature and high laser beam intensity conditions.
Ion implantation of boron is usually used to create n+ -on-p
photovoltaic detector in vacancy-doped or As-doped HgCdTe.
In the n+ region, the native point defects and complexes most
likely trapped on extended defects form the electrical profile of a
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n+ -on-p abrupt junction is expected with a doping profile of
Nd ≈ 1 × 1017 cm−3 , Na ≈ 1 × 1016 cm−3 , and an n+ heavydoping area of 50 μm × 50 μm for the HgCdTe pixel arrays.
According to the electrical characterization data of the diodes,
R0A is approximately 2.5 Ω·cm2 at 77 K indicating that the
detector pixel array is quite normal. The LBIC measurements
were undertaken in a cryostat with the sample in a chip carrier
for bonding the remote contacts. A laser microscope was used as
the source of He-Ne laser irradiance at a wavelength of 0.63 μm.
The laser beam focuses a 1.4∼1.6 μm diameter spot on the sample resulting in an optical power density of approximately 103 ∼
105 W/cm2 . The beam then steps across the sample in the horizontal direction. The induced current is recorded by a SR830
DSP lock-in amplifier as a function of x--y scanning coordinates
to provide a spatial LBIC map, shown in Fig. 1(b).
Fig. 1. (a) Schematic of HgCdTe infrared detector pixel arrays. The pixel size
of the detector pixel array is 200 μm with the array format of 256 × 256 pixels.
The ion-implantation window is 50 μm × 50 μm. (b) Experimental setup for
measurement of laser beam induced current.

p-n junction. Those defects and complexes are induced by the
interaction of the implant-induced strain and of structural defects in the material [13], [23]. The ion implantation damage
could potentially induce a deformation of the LBIC. Therefore,
a typical experimental setup and robust model are definitely
required that can analyze the implant-induced junction transformation and extract the corresponding characteristic parameters
for long-wavelength HgCdTe infrared detector arrays.
In this paper, experimental results of laser-irradiancedependent junction transformation for long-wavelength
HgCdTe pixel arrays grown on CdZnTe are reported. The ionimplant-induced p-n junction has been observed for the first
time in the long-wavelength HgCdTe pixel arrays. Both the experimental and theoretical results show that laser irradiance has
a significant effect upon LBIC imaging. Models of the ionimplantation-induced junction transformation are proposed. By
using the numerical simulation, the trap type, trap density, and
trap-related junction width of ion-implant-induced p-n junction
in the detector pixel arrays are obtained.
II. DEVICE DESCRIPTION AND EXPERIMENTAL SETUP
In preparation for the experiment liquid phase, epitaxially
grown, As-doped, p-type Hg1−x Cdx Te (x ≈ 0.224) layers were
grown on CdZnTe substrates. Then, n-on-p diodes with an ionimplantation size of W ≈ 50 μm were fabricated on the p-type
HgCdTe layers through B+ ion implantation. The boron ion
implantation process was carried out using an IM200 implanter
with implant energy of 110 keV and an implant dosage of 1 ×
1014 cm−2 at room temperature. After the implantation process and removal of photoresist, a ZnS film with a thickness
of 240 nm was evaporated onto the device as a passivation
layer. The remote contacts were deposited with gold on either
side of the n-on-p junctions in preparation for LBIC measurements. The pixel size of the detector pixel array is 200 μm
with the array format of 256 × 256 pixels. The schematic of
HgCdTe infrared detector pixel arrays is shown in Fig. 1(a). An

III. ANALYSIS MODEL AND SIMULATIONS
Steady-state numerical simulations are performed using Sentaurus Device (Synopsys 2010), a commercial package by
Synopsys. For plain drift-diffusion simulation the well-known
Poisson and continuity equations are used [2], [24], [25]. The
steady-state continuity equations for electrons and holes are
1 
∇Jn + (G − R) = 0
q

(1)

1 
∇Jp − (G − R) = 0
q

(2)

and Poisson’s equation is
∇2 ψ = −

1
q
(Γ + p − n) − ∇ψ∇ε.
ε0 ε
ε

(3)

Here, R is the carrier recombination rate, and G is the carrier
generation rate. The electron and hole current densities, which
can be expressed as a sum of diffusion and drift components,
are listed as follows:
 n + qDn ∇n
Jn = qnμn E

(4)

 p − qDp ∇p.
Jp = qpμp E

(5)

Equations (4) and (5) can simply be expressed as a function of the Fermi quasi-level Φe and Φh during the numerical
simulations
Jn = qnμn ∇Φe

(6)

Jp = qnμp ∇Φh

(7)

where Jn and Jp are the electron and hole current densities, respectively, and n and p are the concentration for the electron and
hole, respectively. Γ is the effective doping density defined as
the net value of the donor and acceptor doping densities. q is the
electron charge, ε0 ε is the permittivity of the semiconductors,
and Ψ is the electrostatic potential. Dn and Dp are the electron
and hole diffusion coefficients, and En and Ep are the electron
and hole effective electric fields, respectively. μn and μp , the
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(8)
(9)

In the numerical simulations, the optical generation rate can
be expressed as [27]–[29]

  z


opt

α(λ, z)dz 
G (z) = J(x, y, z0 ) · α(λ, z) · exp − 
z0

(10)
where λ is the wavelength, J(x, y, z0 ) is the optical beam spatial
variation of intensity over a window where rays enter the device,
z0 is the position along the ray where absorption begins, and
α(λ, z) is the absorption coefficient along the line. The absorption coefficient is calculated according to the following fitting
equations [30]:
α(Eph ) =

α1 exp((Eph − E1 )/E2 ), Eph < E1
α1 + α2 ((Eph − E1 )/E2 )P , Eph ≥ E1

(11)

where Eph is the photon energy, α1 , α2 , E1 , E2 , and P are
the model parameters of HgCdTe, respectively. The n-type and
p-type optical surfaces are considered as ideal surface with antireflection coating during the numerical simulations.
In addition to the optical generation rate model [in (10)], the
carrier generation-recombination process consists of Shockley–
Read–Hall, Auger, and radiative recombination terms. The
equations are [29], [31]–[35]
RSRH = A(np − n2i )
R

Auger

= (Cn n + Cp p)(np −

(12)
n2i )

RRad = B(np − n2i )

(13)
(14)

where A is the SRH recombination coefficient, Cn and Cp are
the Auger recombination coefficients, and B is the radiative recombination coefficient for HgCdTe-based infrared detectors.
SRH recombination can be controlled by improving the fabrication procedure among these three processes. The other two recombinations prevail in narrow bandgap photovoltaic detectors.
Furthermore, Auger recombination becomes more dominant as
the temperature increases and becomes crucial near room temperature. It is understood that the Auger mechanism is most
likely to impose the fundamental limit to the performance of
photovoltaic detectors [1], [2], [31], [32]. The extended formulae for the coefficients of A, Cn, Cp, and B in (12)–(14) can
be found in [34]. Additionally, tunneling effects, such as bandto-band and trap-assisted tunneling models, are included during
the simulations [7], [34], [35]. Fermi–Dirac statistics are used
in the simulations with the density of states (Nc ) as another
tunable parameter [11].
IV. RESULTS AND DISCUSSIONS
Fig. 2 shows the experimentally measured laser-irradiancedependent LBIC signal profiles at a temperature of 120 K.
The laser irradiance is increased from 1.0 × 102 to 1.0 ×

Fig. 2. Experimentally measured LBIC signal profiles (a) at a temperature
of 120 K with the laser irradiances of 1.0 × 102 –1.0 × 105 W/cm2 . The
illumination laser wavelength is 0.63 μm.

105 W/cm2 . The LBIC current is measured at one contact (designated “right”), while the other contact (designated “left”) is
grounded. The same measurement configuration is used during
the numerical simulations. Therefore, the LBIC current flowing
into the “right” contact from the outside circuit is designated as
the direction of positive current flow. A typical n+ -on-p LBIC
curve is obtained with the junction width of 60 μm in the n
region. The original ion implanted region is 50 μm for the n
region. The increased junction width is due to the Hg interstitial
diffusion [14]. There is no indication of an induced junction in
the implantation region when the laser irradiance is less than
2.5 × 104 W/cm2 , as shown in Fig. 2. In the same figure, the
red arrow indicates the disappearance of the LBIC peak with
decreasing laser irradiance. The experiment can be repeated
many times with different irradiance levels indicating that no
damage to the HgCdTe device occurs. As the laser irradiance is
increased to 5.0 × 104 W/cm2 , a temporary feature is created
by the very high carrier injection rate from the laser. A new
junction-induced LBIC with inverse polarity can be observed.
It can be seen that the peak intensity is much higher than that
of the original junction-induced LBIC when the laser intensity
is increased to 1.0 × 105 W/cm2 . These results indicate that the
induced junction is very strong at this temperature. Additionally,
to illustrate the effect of the laser irradiance on the device, the
net LBIC value is plotted in Fig. 3(c) by subtracting the y-axis
value of Fig. 3(a) with the y-axis value of Fig. 3(b) resulting
in the distinct p-n junction characteristic LBIC polarity change.
So it can be inferred that there must be a new junction overlying
the original junction structure.
Fig. 4 shows experimentally measured laser-irradiancedependent LBIC signal profiles at a temperature of 300 K. The
inset of Fig. 4 shows the peak-to-peak value of LBIC at different
laser irradiances. It is found that the LBIC signals have significant changes at the room temperature. First, the polarity of LBIC
image is reversed. It can be inferred that the configuration of
the junction is very different from that at the low temperature.
Second, the laser-irradiance-dependent LBIC signal profiles
show a linear increase as the laser irradiances increase. At the
same laser irradiance, the specific intensity of LIBC is smaller
than that at low temperatures, meaning that a weaker junction is
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Fig. 3. Experimentally measured LBIC signal profiles (a) at a laser irradiance
of 1 × 105 W/cm2 and (b) at a laser irradiance of 1 × 104 W/cm2 . (c) Net
LBIC value by subtracting the y-axis value of (a) with the y-axis value of (b).
The temperature for all the measurements is 120 K.

Fig. 5. Schematic of proposed ion-implantation-induced junction transformation models. (a) The p-n-on-p junction is formed at low temperature and high
laser irradiance, where the photo-generated carriers are the large injection compared to temperature-induced carriers. (b) The p-on-n junction is formed at room
temperature and low laser irradiance, where the photo-generated carriers are the
low-level injection compared to temperature-induced carriers.

Fig. 4. Experimentally measured laser-irradiance-dependent LBIC signal profiles at a temperature of 300 K. The inset shows the peak-to-peak value of LBIC
at different laser irradiances.

formed after the junction transformations at high temperatures.
It can also be noticed that the LBIC signal in the ion implanted
region is quite large indicating the minority carrier lifetime is
comparatively longer than that at low temperatures. The type of
minority carriers could possibly be changed. The above conclusions will be discussed in the following modeling and numerical
simulations.
In order to understand mechanisms of the novel effects
of LBIC at different laser irradiances, an ion-implantationinduced junction transformation model is proposed. The ion
implantation-induced junction transformation is discussed as
follows: 1) at a low temperature and a high laser irradiance
as shown in Fig. 2, corresponding to the proposed model in
Fig. 5(a); 2) at a low temperature and a low laser irradiance also
as shown in Fig. 2; 3) at a low temperature as shown in Fig. 4,
corresponding to the proposed model in Fig. 5(b).
Fig. 5 shows the schematic of the proposed ion-implantationinduced junction transformation. At low temperature and high
laser irradiance, the p-n-on-p junction is formed, as shown in
Fig. 5(a). Compared to temperature-induced carriers, the photogenerated carriers are in the stage of large injections. The ion
implantation displaces the inner electrons causing the implanted
region to consist of positively charged atomic nuclei (traps).

There are almost no mobile carriers in the implanted region. Several groups [36]–[38], using deep-level transient spectroscopy
as well as dark current fitting [7], [11], [39], have reported that
the damage from the ion implantation doping can introduce significant deep level traps in HgCdTe. A large number of traps
induced by ion implantation damage in the implanted region
may trap the photo-generated carriers. The type of the net traps
(acceptor traps or donor traps) makes the key effect on the final
junction type in the implanted region. It is well known that acceptor traps can be either negative or neutral like the acceptor.
Acceptor traps are neutral when empty and negatively charged
(ionized) when filled with electrons. Filled acceptor traps can
emit electrons or capture holes called de-trapping. Empty acceptor traps can capture electrons or emit holes called trapping.
Here, it is assumed that a large number of net bulk acceptor traps
induced by damage of the ion implantation in the implanted region have trapped all of the photo-generated electrons. So the
implanted region has a large number of mobile holes showing
the p-type. The broaden region that shows the n-type is due to
the Hg interstitial diffusion [13]. Therefore, a p-n-on-p junction is formed. The proposed model is verified by the numerical
simulations, as shown in Fig. 6(a).
However, at a low temperature and low laser irradiance,
the typical n-on-p junction is formed. Both the temperatureinduced carriers and the photo-generated carriers are approximately equal with a low-level of incident light (low-level injections). Similarly, the acceptor traps induced by ion implantation
caused damage trap all of the photo-generated electrons leaving
the holes to be the mobile carriers. However, the photo-generated
carrier density has decreased by two orders of magnitude compared to the case of a high level of incident light. The acceptor density (photo-generated holes) is comparable to the donor
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Fig. 7. Numerical simulations of the LBICs based on the proposed model
in Fig. 5(a) with the different doping densities and doping types in the ion
implantation region.

Fig. 6. Numerical simulations of the LBIC based on the proposed
implantation-damage-induced junction transformation models. The dotted lines
represent the experimental data. (a) The p-n-on-p junction is used at low temperature and high laser irradiance, where the photo-generated carriers are the large
injection compared to temperature-induced carriers. (b) The p-on-n junction is
used at room temperature and low laser irradiance, where the photo-generated
carriers are the low-level injection comparing to temperature-induced carriers.
(c) Equilibrium band structure of the p-n-on-p junction. (d) Equilibrium band
structures of the p-on-n junction. The band profiles are cut at the junction depth
of 0.5 μm along the A–B direction, as shown in Fig. 1.

density from the Hg interstitial diffusion. The equilibrium Fermi
level remains uniform in the implanted region. Therefore, the
implanted region shows the n-type property (similar to an intrinsic semiconductor). No apparent junction is excited by the laser
irradiance inside the ion implanted region. In Fig. 2, note that
the LBIC at low laser irradiance is very small between the nearest two polarities, confirming that there are few mobile carriers
in the implanted region.
However, at a high temperature, the p-on-n junction is formed.
At near room temperatures, a relatively weak LBIC signal is
induced by the p-on-n junction shown by comparing the corresponding LBIC signals of Figs. 3 and 4. When the temperature
is relatively high, the density of the intrinsic carriers is possibly
larger than the doping density. The mixed conduction of HgCdTe
due to the temperature-generated large numbers of intrinsic carriers makes the p-type absorption layer transform to an n-type
layer [40]. Therefore, the As-doped absorption layer is n-type
at the room temperature. At the same time, in the implanted
region, the acceptor-type traps induced by the ion implantation
damage are fully activated and can trap significant numbers of
free electrons. The quasi Fermi level in the implanted region is
decreased, making the implanted region p-type. Note that the

number of intrinsic excitations due to the high temperature is
also very large in the implanted region, so the implanted region
would possibly be the weak n-type. That means both p-on-n and
n− -on-n are possible for the pixel array at the high temperature
depending on the laser irradiance. The schematic of the p-on-n
junction is shown in Fig. 5(b).
Fig. 6 shows the numerical simulation of LBICs and equilibrium band structures based on the proposed ion-implantationinduced junction transformation models. To fit the experimental
LBIC signal at low temperatures and high laser irradiance, the
net acceptor-type traps (bulk traps) are defined to be 2 × 1016 ∼
4 × 1016 cm−3 with the fixed mid-gap energy level according
to the proposed model. In Fig. 3(b), in order to fit the LBIC
curve at low temperature and low laser irradiance, the minority
life time in the n region is very short (∼0.01 ns). It is indicated
that the diffusion length is very small in the ion implantation region. This is because the implantation region induces deep level
traps as well as deep-level recombination centers. The experimental result of this phenomenon is also observed in Fig. 2 for
laser irradiation from 1 × 102 to 2.5 × 104 W/cm2 . However,
it should be noted that, at room temperature, both the experimental results and simulations show that the LBIC currents in
the implantation region are larger than that at low temperatures.
It appears that the junctions are completely transformed from
n-on-p to p-on-n, in which the minority carriers are the electrons
in the implantation region. Because the diffusion length of an
electron is significantly larger than that of a hole for HgCdTe
materials, the LBIC signals reflect the junction transformation
demonstrating the validity of proposed models.
Further numerical simulations confirm that doping density
and doping type have a significant effect on the LBICs in the
ion implantation region, as shown in Fig. 7. Based on the proposed model in Fig. 5(a), a decrease of acceptor density in the
implantation region can improve LBIC value of the new laserirradiance related junction, shifting the relative LBIC value between the new junction and the original junction. When the
doping type is changed to donor type in the ion implantation
region, the whole LBIC signal shows the junction property at
low temperature and low laser irradiance (see Fig. 2).
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V. CONCLUSION
In conclusion, the work described in this paper provides the
basic mechanisms for a better understanding of junction transformation for long wavelength HgCdTe infrared detector pixel
arrays. The model for ion-implantation-induced junction transformations is developed and numerically demonstrated to analyze the novel characteristics of LBICs. The results show that
Hg interstitial diffusion and ion implantation damage are key
factors in inducing the LBIC coupling, polarity reversion, and
junction broadening at different laser irradiances. The trap density of approximately 2 × 1016 ∼ 4 × 1016 cm−3 with the fixed
mid-gap energy level in the ion implantation damage region is
obtained by using numerical simulations. Furthermore, when
the number of temperature-induced intrinsic carriers for long
wavelength material is comparable to that of the doping intensity and photo-generated carriers, the behavior of temperatureinduced intrinsic carriers is another key factor that determines
the tradeoff of junction transitions. This work provides a method
to judge the change of LBIC when it is used on HgCdTe infrared
photovoltaic detector array pixels, as well as for junction characterization of a near room temperature operating photodetector.
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