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Abstract:

This work deepens in the understanding of the optoelectronic mechanisms ruling
hyperdoped-based photodevices and shows the potential of Ti hyperdoped-Si as a fully
CMOS-compatible material for room-temperature infrared photodetection technologies.
By the combination of ion implantation and laser-based methods we obtain ~20 nm thin
hyperdoped single-crystal Si layers with a Ti concentration as high as 102° ¢cm™3. The
Ti hyperdoped Si/p-Si photodiode shows a room temperature rectification factor at +1 V
of 509. Analysis of the temperature dependent current-voltage characteristics shows that
the transport is dominated by two mechanisms: a tunnel mechanism at low bias and a
recombination process in the space charge region at high bias. A room-temperature sub-
bandgap external quantum efficiency (EQE) extending to 2.5 um wavelength has been
obtained. Temperature-dependent spectral photoresponse behaviour reveals an increase
of the EQE as the temperature decreases, showing a low energy photoresponse edge at
0.45 eV and a high energy photoresponse edge at 0.67 eV. Temperature behaviour of the
open circuit voltage correlates with the high energy photoresponse edge. A model is
proposed to relate the optoelectronic mechanisms to sub-bandgap optical transitions
involving an impurity-band. This model is supported by numerical semiconductor device

simulations using the SCAPS software.
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1.- Introduction

Silicon, the cornerstone of the information revolution, is the most widely used,
economically and technologically developed semiconductor. Although its applications
cover many aspects of our everyday life, at present Si-based photonic applications are
limited to the visible and near-infrared spectral range due to its 1.12 eV indirect bandgap
(A=1.1 um). Extending Si photoresponse at room-temperature to the short-wavelength
infrared (SWIR) range (1.4 to 3 um, i.e., 0.89 to 0.41 eV) has the potential to revolutionize
silicon-based optoelectronic devices. The introduction of a CMOS compatible process
would enable the integration of optical and electronic functionality on a single chip [1].
Nowadays, several approaches are under intensive research to enhance Si SWIR
photoresponse, such as the integration of I11-V compound semiconductors with
silicon [2,3], photodetectors based on SiGe alloys[4,5] or HgCdTe/Si
heterostructures [6]. Despite their high performances, these devices suffer from several
drawbacks: they are based on non-abundant or contaminant materials, they usually
require cryogenic temperatures to operate, and they are hardly integrated into the very
mature Si-CMOS fabrication routes, adding considerable cost and complexity to photonic

circuit manufacturing.

An alternative path to increase the Si SWIR photoresponse that would avoid the
hybrid integration of Si technology with unconventional materials is the direct
modification of its electronic band structure. From this perspective it is possible to find
interesting approaches. One is the use of a laser-crystallization process to induce an
anisotropic tensile stress in silicon optical fibres. This way the bandgap can be reduced
from 1.11 eV to 0.59 eV [7]. Unfortunately, the fibre structure hinders its incorporation
into planar imaging arrays. A different method, that has attracted recently great
attention [8], is the extrinsic sub-bandgap photoresponse obtained from the incorporation
of deep-level impurities at concentrations far above their equilibrium values. Single-
crystalline silicon layers with transition metal (Ti, V, Au, Ag) or chalcogen (S, Se, Te) at
concentrations above 10'° cm have been obtained by means of ion implantation and sub-
second annealing techniques (in a process denominated as supersaturation or
hyperdoping). We have shown that silicon hyperdoped with Ti [9,10] or V [11] presents
outstanding properties such as a sub-bandgap optical absorption coefficient in the 10* cm-
! range [12] or a photoconductive response extended down to 0.2 eV (6.2 um) at

cryogenic temperatures [13]. Gold hyperdoped [14] [15] or silver hyperdoped [16]



silicon photodiodes have proven a similar sub-bandgap photoresponse and fast response
at room temperature. Silicon hyperdoped with S[17], Se[18] or Te[19] by ion
implantation and subsequently Pulsed Laser Melted (PLM) or Flash Lamp Annealed
(FLA) [20] [21] have also shown an extended infrared photoresponse [22] with high
responsivities, and high specific detectivity values [23]. Unfortunately, competitive
commercial devices have not yet been obtained. The main cause is the low sub-bandgap
EQE obtained, which seems to be limited in all the current developed technologies to 0.01
% at the strategic 1450 nm wavelength. To overcome this disadvantage, it is necessary to
explore and increase our understanding of the optoelectronic mechanisms ruling these

technologies.

The nature and origin of these unusual sub-bandgap optical properties is still not
well understood. The most accepted explanation is the formation of an impurity-band
arising from the impurity deep-levels. In other words, given a critical impurity
concentration, the localized electronic wavefunctions from the impurities would overlap,
producing a delocalization transition and forming a continuum of allowed states within
the bandgap of the host material. This critical concentration, also known as Luque’s limit,
has been theoretically calculated to be approximately 6x10*° cm™ for a generic deep-level
impurity in Si [24], and experimentally confirmed for impurity concentrations in the order
of 10 cm™2in the Ti, [25,26] V, [11] S, [27] and Se [28] hyperdoped-Si materials. Under
this scenario, sub-bandgap optical transitions would be possible through the promotion

of charge carriers involving the impurity band.

For the case of transition metals in Si, the technological challenge to obtain
hyperdoped materials is particularly complex [29,30]. A lateral segregation effect of the
metallic impurities appears when a combination of high implantation doses (usually
higher than 5x10%° cm?) [31] and ns-laser annealing techniques is used. This segregation
process, known as cellular-breakdown [32,33], might hinder the interpretation of the
optoelectronic properties. However, at certain process conditions, it is indeed possible to
obtain concentrations of transition metals above Luque's limit with a homogeneous
distribution in the Si matrix and high crystalline quality. We have shown these results in
previous works for the implantation of V [11] and Ti [34] at 32 keV with doses of 10'°
cm2 and the subsequent use of a KrF excimer laser (248 nm) with a 20 ns pulse duration

at ~1 Jem=2.



To the best of our knowledge, the works published so far are focused on the proof
of concept of the sub-bandgap photodetection. An in-depth analysis of the
photogeneration nature, its temperature dynamics and the transport mechanism through
the junction is required to identify possible weaknesses or limiting factors, as well as
strengths and accordingly modify the manufacturing routes, aiming at the improvement

of the photodiode characteristics.

This work studies the physical and electrical characteristics of a Ti hyperdoped-
Si/p-Si junction photodiode. The Ti concentration depth profile is analysed and
correlated with the microstructural information and crystalline quality. The room-
temperature illumination and temperature-dependent dark current-voltage curves are
presented and discussed. Si sub-bandgap External Quantum Efficiency (EQE)
measurements are analysed up to 3.5 um wavelength and its temperature behaviour is
studied from 300 K to 140 K. Numerical semiconductor device simulations based on the
SCAPS software [35] were performed and analysed and a model to explain the
temperature dynamics involving the presence of an impurity band is proposed.



2.- METHODS

2.1.- Si-Hyperdoped Manufacturing:

The Ti hyperdoped-Si layer was obtained by means of ion implantation and pulsed
laser melting processes on square-shaped samples 1x1 cm? in size of p-type (100) Si with
a thickness of 300 pm (p~150-300 Qcm at room temperature). Implantations were
performed at 32 keV with *Ti* ions (7° tilt angle) with a total dose of 2x10%° cm™. To
recover the crystallinity of the amorphized surface layer we performed a 20 ns single-shot
pulsed laser melting at 1 Jem with a KrF excimer laser (248 nm) at IPG Photonics (20
ns duration full width at half maximum). During the pulsed laser melting process, the
implanted amorphous layer is melted. Afterwards, the underlying non-melted crystalline
Si substrate acts as a crystalline seed and solidification occurs from this point towards the
surface of the implanted layer. This solidification process occurs at high speed (1-10 m s°
1Y [36], producing the incorporation of the implanted atoms at concentrations above the
solid solubility limit.

2.2.- Microstructural Analysis

To analyse the resulting Ti hyperdoped-Si layer depth-profile, time-of-flight
secondary ion mass spectrometry (ToF-SIMS) measurements were carried out in a ToF-
SIMS V model manufactured by ION-TOF, with a 25 keV pulsed Bi3+ beam at 45°
incidence. A 10.5 kV voltage was used to extract the secondary ions and their time of
flight from the sample to the detector was measured with a reflection mass spectrometer.
Measurements were performed under the dual beam configuration, allowing us to resolve

depth profiles as steep as 1 nm/decade [37].

The crystalline quality was analysed by cross-sectional transmission electron
microscopy (TEM) images. The pictures were taken with a Jeol JEM 3000F microscope
operated at an accelerating voltage of 300 kV. Atomic number contrast images were
recorded in the high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) mode. For qualitative chemical analysis, energy-dispersive X-ray
spectroscopy (EDX) measurements were done with an OXFORD INCA system attached
to the JEM 3000F microscope.



2.3.- Photodiodes Manufacturing

Photodiodes were manufactured to characterize the Ti hyperdoped-Si/p-Si
optoelectronic properties. To assure an ohmic back-side contact we performed an ion
implantation with boron (*!B*) at 7° tilt angle and 35 keV with a dose of 10*° cm™.
Subsequently, a Rapid Thermal Annealing (RTA) in a forming gas atmosphere at 900 °C
for 20 seconds was made to electrically activate the boron implantation. The RTA process
was performed prior to the front-side Ti ion implantation and PLM to avoid the thermal
instability issue of the Ti hyperdoped-Si material*’. The back side electrode contact was
obtained by evaporating 50 nm Ti + 100 nm Al on the whole back surface but masking
sample edges to reduce possible parasitic electrical conduction through the device rim. A
0.068 cm? comb-shaped contact with 9 fingers (dimensions of each finger are 200 um x
3830 um, with 200 um of separation between fingers) was deposited on the top of the Ti
hyperdoped-Si layer. This contact was defined by lift-off of an e-beam evaporated 50 nm
Ti + 100 nm Al metallic layer. Fig. 1 presents a schematic of the device geometry

(dimensions not at scale) from a top view (left) and from a cross-section view (right).
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Figure 1: Top and cross section schematic views of the photodiode geometry (dimensions not at scale).

2.4.- Optoelectronic Characterization

An Everbeing probe station together with a Keythley 2636A SMU were used to
perform the I-V measurements at room temperature. To test the photovoltaic effect of the
photodiode we used an uncalibrated low intensity fluorescent lamp (Motic 2401).
Samples were biased from —1 to 1 V with respect to the back electrode. For temperature-
dependent measurements, samples were placed inside a helium closed-cycle Janis
cryostat with a ZnSe window and a Pfeiffer Hi-Cube vacuum pump was used to avoid

moisture condensation at low temperatures (these measurements were performed from



300 K to 140 K). For spectral EQE measurements the samples were illuminated in the
1 pm — 3.5 um range using a TMc300 Bentham monochromator with a Globar (SiC) bar
as infrared source. Light intensity was calibrated using a Bentham pyrometric detector.
Measurements were carried out chopping the light beam at 87 Hz and the AC component
of the generated short-circuit photocurrent was obtained with a SR830 digital signal

processing lock-in amplifier, manufactured by Stanford Research Systems (California).



3.- Results:

3.1.- Structural properties:

Figure 2 presents the microstructural and compositional information of the Ti
hyperdoped-Si material. For comparison purposes all the different figures are presented
using the same scale. Fig. 2 a) shows the Ti depth profile obtained after the ion
implantation and pulsed laser melting processes measured by Time of Flight-Secondary
lon Mass Spectrometry (ToF-SIMS). As a reference, the theoretical concentration limit
needed for the appearance of an impurity band (Luque’s limit) as well as the 1 atomic %
of Ti in Si (5%10%° cm™®) are highlighted. A Ti concentration far above the maximum solid
solubility limit in Si (2x10'* cm™) [38] has been obtained in the Ti hyperdoped-Si layer.
Specifically, Ti concentrations higher than the 1 atomic % were achieved in a layer of
~10 nm thick, while the thickness of the layer with a Ti concentration high enough to

produce an impurity band (Luque’s limit) is ~15 nm.

Fig. 2 b) shows a representative high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM) micrograph obtained in the Si [001]
axis. Brighter contrast corresponds to elements with a higher atomic number (Z-contrast
image). A brighter layer is observed at a depth in agreement with the largest Ti
concentration peak observed in the ToF-SIMS depth profile (~3 nm). This agrees with Ti
having a higher atomic number than Si. Beyond this region, the brightness gradually
decreases down to a depth of ~10 nm, where the brightest Ti signal (Z= 22) disappears
submerged under the Si signal (Z= 14). At this depth, the corresponding Ti concentration
reaches the 1 atomic %, which corresponds to the detection limit of the HAADF STEM
technique. This gradual decrease of the brightness agrees with the gradual decrease of the
Ti-concentration in the depth-profile shown in Fig. 2 a). High-resolution Transmission
Electron Microscopy (TEM) image shown in Fig. 2 c) shows that the entire Ti
hyperdoped-Si layer is monocrystalline, without the presence of any extended defects,
secondary phases or cellular breakdown [33]. Finally, Fig. 2 d) presents the energy-
dispersive X-ray spectroscopy (EDXS) map of the elements for the indicated region (red
corresponds to Si, blue to Ti). EDXS detection limit is also ~ 1 atomic %. According to
the compositional map, there is a laterally uniform Ti distribution of ~ 7 nm depth (Ti

concentration higher than 1 atomic %) within the recrystallized Si layer. Since four



different structural characterization techniques agree on the information given (within the
sensitivities of each one) we can rule out the possibility of artifacts arising from a
particular technique. Thus, Figure 2 shows a complete structural study which confirms
that it is possible to obtain Ti homogeneously distributed in the Si matrix at concentrations

higher than the Luque’s limit.
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Figure 2: Microstructural and compositional analysis of the Ti hyperdoped-Si material. a) ToF-SIMS
measurements showing the Ti concentration depth profile. 1 atomic % concentration and theoretical
concentration to obtain an impurity band are marked as references. b) Atomic number contrast
image recorded in HAADF-STEM mode. Brighter contrast observed near the surface corresponds
to elements with a higher atomic number (Ti) with respect to the darker contrast obtained in the
substrate (Si). ¢) High-resolution TEM image confirms the monocrystalline structure of the Ti
hyperdoped-Si layer. d) Qualitative chemical map obtained from EDXS measurements indicating Si
(red) and Ti (blue) presence.



3.2.- Electrical Properties:
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Figure 3: Room-temperature dark and under illumination current-voltage characteristics of the Ti
hyperdoped-Si/p-Si photodiode. Dark IV curve at 140 K is also shown. Forward current bias is
obtained when positive voltage is applied to the p-Si substrate. Black line shows the fit to the one-
diode model and two-diodes model for the direct 1V curve under dark conditions. The equivalent
circuit used to fit the curve is shown together with the results of the fitting parameters.

To study the carrier transport properties, a prototype Ti hyperdoped-Si photodiode
was manufactured. In junction devices, properties such as barriers due to band offsets or
the presence of interface and bulk states will produce different carrier transport
mechanisms. The dominance of one mechanism over the others depends on the bias
region and/or temperature of operation. To study these transport processes, 1-V curves,
both in dark and under low illumination conditions are shown in Fig. 3 at room-
temperature. An I-V curve in dark at 140 K is also shown. The device exhibits rectifying
behaviour at both temperatures. Forward voltage corresponds to positive bias applied to
the backside (p-Si substrate). The ratio of direct/reverse current at +1 V is 509 at room-

temperature and 390 at 140 K. To test the photovoltaic effect of the photodiode we used
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an uncalibrated low intensity fluorescent lamp (Motic 2401). A ~100 factor increases of
the reverse current together with an open circuit voltage of 0.2V were measured.
Regarding the dark 1-V curves, we observed two different regimes of transport as a
function of temperature. At 300 K, the functional form of the forward current can be
described by a general single-diode expression (continuous black line). However, at
140 K the shape of the I-V curve changes, and a change of slope appears at low bias. We
fitted the low temperature experimental data to a two-diodes in parallel model (continuous

black line). The expressions of these models are:

I =1Ipy + Ipz + Ispynt

a(v-IRs) a(v-IRs) VIR
I=1|e m —1|+1|e mnFT —1|+ )

Rshunt

For the single-diode model we just used I = Ip; + Isyynr- In this expression, Ip,
and I, correspond to the two main conduction mechanisms present in the photodiode.
I, I; and n,, n, are the saturation currents and ideality factors of each mechanism,
whereas q is the electron charge, T the temperature, and k the Boltzmann constant. VV and
I are the measured voltage and current while Rg and Rgj,.,+ are the series and parallel
resistances, respectively. The equivalent circuits used to fit both curves are shown in

Fig. 3 together with the results of the fitting parameters.
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Figure 4. Temperature-dependent IV curve (solid symbols) together with fitting curves (solid and
dashed lines). Dashed lines are used to identify the fitting curves obtained from the single diode

model, while continuous lines represent the fitting to the two diodes model.

Fig. 4 presents the 1-V curves measured from 140 K to 300 K in 20 K steps.
Symbols are experimental data while continuous and discontinuous lines are fits to the
two diodes model or single diode model, respectively. We observe that the single diode
model stands from 300 K down to 240 K, indicating that a single transport mechanism is
dominating. However, for temperatures lower than 220 K it was not possible to fit the
measured |-V curves with the single diode model, and the two diodes model was used
instead. This indicates that a second transport mechanism in parallel comes to the
forefront, dominating the transport at low bias. From these fits we extracted the
temperature dependence of the ideality factors, shown in Fig. 5 a), and of the saturation
current, shown in Fig. 5 b). From this point, we will refer as the high temperature
behaviour from 240 K to 300 K (where the single diode model holds), while the low
temperature behaviour will correspond to the temperature range from 140 K to 220 K

(two diodes model).
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Figure 5: a) Temperature dependence of the ideality factors obtained from fitting the IV curves. b)
Arrhenius plot of the saturation current values obtained from fitting the IV curves.

Regarding the temperature dependence of the ideality factors (Fig. 5 a), we can
observe that the values obtained for the high bias diode present a slight temperature
dependence, with an absolute increase from 1.5 to 3.0 as the temperature decreases from
300 K to 140 K. On the other hand, the low bias diode ideality factor presents a more
intense temperature dependence, with an absolute increase from 5.0 to 11.1 as the

temperature decreases from 220 K to 140 K.

The temperature dependence of the saturation current values is presented in an
Arrhenius plot in Fig. 5 b). Both the low and the high bias diodes present an exponential

activation of the saturation current values with the reverse temperature of the form:

Iy =AXexp (_—Ea) (2)
kT
Where E, represents the activation energy associated with the thermal dependence
of the saturation current and A is a constant. In the case of the high bias diode, the
exponential dependence holds for at least 10 orders of magnitude of the saturation current
values, with an activation energy of 0.49 eV. On the other hand, the low bias diode

presents a smaller temperature dependence, with an activation energy of 25.4 meV.
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3.3.- Optoelectronic Properties:
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Figure 6: Temperature dependence of the spectral EQE for the Ti hyperdoped-Si/p-Si photodiode.
Both temperature behaviours are indicated. As a reference, the spectral EQE of a standard Si PIN
photodiode at room temperature is included.

To get insight into the mechanisms of the infrared photoresponse, Fig. 6 shows
the temperature dependent spectral EQE curves obtained from the short-circuit
photocurrent. EQE was analysed in the Si sub-bandgap region, i.e., from 1.0 um to
3.5um (1.24 eV to 0.35 eV) and in the temperature range from room-temperature down
to 140 K. For comparative purposes we present also the spectral EQE obtained from a
commercial Si PIN photodiode (model BPW34) measured at room-temperature with the

same setup.

The first thing to notice is that, as expected, the Si PIN photodiode shows an abrupt
decrease of the EQE for photon energies lower than the 1.12 eV Si bandgap, due to the
extinction of the Si band-to-band photogeneration. On the other hand, the Ti hyperdoped-
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Si/p-Si photodiode presents a strong sub-bandgap photoresponse, several orders of
magnitude higher than that of the Si PIN reference photodiode. Specifically, at room-
temperature we measured an EQE of 2x10* (0.02 %) at the key telecommunication

wavelength of 1.5 um, 3 orders of magnitude higher than the noise floor.

Regarding the temperature dependence of the EQE we can identify two
temperature ranges showing clearly different behaviours: from 300 K to 240 K (what we
previously called the high temperature behaviour) the shape of the photoresponse is not
altered while the signal level is slightly reduced as the temperature decreases. However,
from 220 K down to 140 K (identified previously as the low temperature behaviour) the
signal level increases abruptly and monotonically as the temperature decreases, showing
a change in the shape with an additional broad photoresponse band spanning down to
0.4eV.
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Figure 7: Spectral dependence of the magnitude (EQE x hv)z. Lines are fits to Eq. 3, which allows

the identification of a low energy photoresponse edge (EL) and a high energy photoresponse edge
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(En). Inset represents a schematic of the sub-bandgap optical transitions involving the impurity band,
where we have identified the low energy photoresponse edge (EL) with the impurity band to
conduction band transition and the high energy photoresponse edge (En) with the valence band to

impurity band transition.

To further investigate the sub-bandgap optical transitions, in Fig. 7 we assume a
direct correlation between the EQE and the absorption coefficient at energies
corresponding to the optical transition edges. This representation allows us to identify a
low energy photoresponse edge (Er) appearing in the low temperature range and a high
energy photoresponse edge (En) corresponding to the high temperature range. Based on
previous experimental [39] and quantum calculations results [40], we associate both sub-
bandgap photoresponse edges to optical transitions involving an impurity band, as shown
in the inset of Fig. 7. This will be analysed deeply in the Discussion section. The direct
correlation between the EQE and the absorption coefficient at photon energies
corresponding to the optical transition edges allows us to perform a fit to equation 3 to

estimate the E_ and En sub-bandgap energies transitions as [41]
EQE X hv o (hv — E;)" 3

where EQE is the external quantum efficiency, hv is the photon energy, A is a
constant, E; is the sub-bandgap energy transition (EL or Ex) and n would adopt the value
of 0.5 for direct-bandgap optical transitions and 2 for indirect ones. We performed both
fits to decide whether the direct or indirect transition applies. We found that data could
be fitted better and in a wider energy range with the indirect bandgap approximation than
with the direct bandgap approximation. Figure 7 represents the fittings of the data to Eq.
3 for the Ti hyperdoped-Si/p-Si photodiode at three representative temperatures: 300 K,
190 K and 140 K. 300 K and 140 K were chosen as examples of the high temperature and
low temperature behaviours, respectively, while 190 K was chosen as representative of a
transition temperature between both behaviours. For a representation of the behaviour at
all temperatures see Fig. S1 and S2 in the supplementary material [42]. The energy gap
obtained at 300 K is E4=0.66 eV (~1.88 um). At 190 K, together with the high-energy
edge En, a low energy photoresponse edge appears with an energy gap of E.=0.44 eV
(~2.82 um). Finally, at 140 K, the low energy photoresponse edge shows a higher signal
with a similar energy gap of E.=0.44 eV.

16



Note that the slight photocurrent measured below 0.65 eV at 300 K and below
0.45 eV at 140 K has not been considered for the fitting of Ex and EL, respectively. This
response just below the main sub-bandgap optical transitions energies (En and E.)
presents a weak signal with an unclear slope, characteristic of absorption by band tail
states [43,44].

11F Ti hyperdoped-Si / p-Si photodiode
lon Implantation: 2x10"° cm™?; 32 keV ]
~ PLA: 1 Jcm™

-
o
—Td"
/
1

ot
©

o
(o)}

High temperature -
behaviour 1

o
o

Open Circuit Voltage (V)
N
|

Low temperature behaviour

ot
w
—

.t
N
—

0.1-"""'-|-|-I-II.|.|.|

0 25 50 75 100 125 150 175 200 225 250 275 300 325
Temperature (K)

Figure 8: Temperature dependence of the open circuit voltage. Red lines are linear fittings used to

obtain the 0 K extrapolated open circuit voltage. Both temperature regimes are identified

Figure 8 shows the temperature dependence of the open circuit voltage measured
while the photodiode was illuminated with an uncalibrated low intensity halogen lamp.
Again, we can observe two different linear trends as a function of temperature. In the high
temperature range, from 240 K to 300 K, if we extrapolate to 0 K the Voc we obtain
1.05 V. On the other hand, in the low temperature range, from 20 K to 220 K, the slope
changes and the 0 K extrapolated Vo equals 0.67 V. This value correlates well with the
energy-equivalent value obtained for the high-energy edge En (Fig. 7). Later, in the

discussion section we will analyse this correlation.
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4.- Discussion

Low temperature High temperature
behaviour behaviour
(140 K — 220 K) (240 K - 300 K)

Electrical properties

High bias diode: 3.0-1.5
Low bias diode: 11.1-5.0

Ideality factor

Activation energy of the High bias diode: 0.49 eV

saturation current Low bias diode: 25.4 meV

Optoelectronic

properties
En=0.67 eV
Photoresponse edges
EL=0.45eV
0 K extrapolated Voc 0.67V 1.05V

Table I: Summary of the main results from the electrical and optoelectronic analysis for the Ti

hyperdoped Si photodiode. These will be the key results for the discussion section.

In table I we have collected the key results from the electrical and optoelectronic

analysis, to be discussed in this section. The analysis of the temperature dependent
behaviour of the ideality factors (771,2(t)) (Fig. 5 a) and the saturation current (Il,z(t))

(Fig. 5 b) will help us to identify the mechanisms controlling the transport across the
junction. First, we analyse the high bias diode, which is present for all the temperatures
measured. The ideality factor varies from 1.5 up to 3 as the temperature decreases.
Following the Shockley diode theory, an ideality factor of 1 indicates that the transport is
dominated by diffusion towards the neutral regions followed by recombination [45]
while a value of 2 indicates that the transport is dominated by recombination processes in
the depletion region. These recombination processes are assisted by traps situated within
the bandgap [46]. Our calculated values, within experimental errors and fitting
uncertainties, point to a transport mechanism dominated by recombination processes in

the depletion region. Additionally, the activation energy of the saturation current obtained
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in Fig. 5 b) of 0.49 eV is close to the half of the silicon band gap (0.56 eV), which supports
the conclusion that the transport mechanism is driven by recombination processes in the
depletion region assisted by traps [46].

Secondly, we discuss the low bias diode, which becomes appreciable for
temperatures below 220 K. The diode ideality factor presents a strong temperature
dependence, showing an increase of its value as the temperature decreases, from 5.0 at
220 K up to 11.1 at 140 K. Such temperature-dependent ideality factor behaviour is
commonly related to trap assisted tunnelling processes [47]. Additionally, its saturation
current values present a small activation energy of 25.4 meV. Such small activation
energy supports the transport being dominated by a trap assisted tunnelling process at low
bias [48,49].

Next, we discuss the results derived from the temperature-dependent analysis of
the spectral EQE and its relationship with the electronic transport mechanisms. It is
noteworthy that the temperature of the appearance of the low energy photoresponse edge
(Er) coincides with the temperature at which the transport mechanism is dominated by a
tunnelling process at low bias. Besides, the 0 K extrapolated g X V. energy for the low
temperature behaviour (Fig. 8) coincides with the high energy photoresponse edge (Enr).
To shed light on these apparently non-related phenomena, we performed numerical
simulations based on the coupled Poisson and carrier-continuity equations by using the
SCAPS software [35]. SCAPS simulates both thermal and optical processes considering
deep-lying states within the host semiconductor bandgap. We propose that the deep-level
states associated with the Ti atoms would form an impurity band within the Si bandgap.
Then, we relate both energy photoresponse edges (EL and En) with the sub-bandgap
optical transitions involving an impurity band within the Si bandgap (Fig. 7 inset).
Specifically, we relate E_ with IB-CB transitions while En is related with VB-IB
transitions. This choice is based on previous quantum calculations results [40]. The
impurity band is simulated as a Si material with a Gaussian continuous distribution of
donor-like states located at 0.45 eV under the Si conduction band with a characteristic
energy of 135 meV and a 10%° cm™ total density of donor-like states. These chosen values
to simulate the Gaussian distribution are based as well on previous results from quantum

calculations [40].
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Figure 9: Simulated energy band diagrams together with schematics for the transport mechanisms
and optical transitions for the structure Ti hyperdoped Si/p-Si substrate. Red dashed line represents
the electron quasi-Fermi level (Fn) while blue dotted line corresponds to the hole quasi-Fermi level
(Fp). Simulations were performed with the SCAPS software at short circuit condition, under a 100
mW/cm? monochromatic light. Simulated temperatures were chosen as representative of the high
temperature behaviour in a) and b) (300 K), and of the low temperature behaviour in c¢) and d) (140
K). Monochromatic photon energies were chosen to allow only EL sub-bandgap optical transition in
b) and d) (hv=0.46 ¢V), or both sub-bandgap optical transitions, EL and En in a) and c) for (hv=0.95
eV).

The simulated band diagrams at short circuit condition are shown in Fig. 9.
Simulated temperatures were chosen as representative of the high temperature behaviour
in a) and b) (300 K), and of the low temperature behaviour in c¢) and d) (140 K).
Monochromatic photon energies were chosen to allow only E_ sub-bandgap optical
transition in b) and d) (hv=0.46 e¢V), or both sub-bandgap optical transitions, E. and En

in a) and c) for (hv=0.95 eV)

In the high temperature range, we previously observed in Fig. 6 that a significant
photoresponse was obtained when the photon energy was equal or higher than the VB-IB

distance (En). Under this light condition, both sub-bandgap transitions VB - IB and
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IB - CB are allowed, promoting free e - h* pairs and thus producing a net photocurrent as
depicted in Fig. 9 a). The reason why in the high temperature range we were not able to
probe optical transitions for photon energies E <hv<Ey could be related with the
electrical disconnection of the IB with the p-Si substrate valence band (Fig. 9 b). To
measure a photogenerated current produced only by IB - CB optical transitions (EL),
photogenerated holes in the impurity band should be able to travel to the valence band of
the p-Si substrate to close the electronic circuit with photogenerated electrons in the
conduction band of the Ti hyperdoped Si layer.

However, in the low temperature range we deduced the existence of a tunnelling
current from the analysis of Fig. 5. This coincides with the temperature range at which
we observed an abrupt increase of the photoresponse for photon energies equal or higher
than EL. We propose that photons with energy EL< hv < En create e-h™ pairs in the
conduction band and impurity band, respectively. Photogenerated holes in the impurity
band can now travel to the substrate valence band through the tunnelling mechanism as it
is depicted in Fig. 9 d). This way, it is possible to probe a net photocurrent related to the
EL optical transition.

From the simulations there are two facts that support the appearance of the
tunnelling current as the temperature decreases. First, the distance between the edge of
the impurity band and the p-Si substrate valence band reduces from 208 nm at 300 K to
167 nm at 140 K, therefore increasing the tunnelling probability. Second, the energetic
position of the top of the p-Si substrate valence band with respect to the impurity band
increases from 124 meV at 300 K to 313 meV at 140 K. Therefore, a higher density of
states of the p-Si valence band is aligned with the impurity band, increasing the hole
tunnelling probability.

21



1.0

0.8

0.6

Energy (eV)

(Condtljction balnd

_<Impurity band
| |SCAPS simulation:

0.2 | L -
I y Low temperature ; High temperature |
[VE"ence band behaviour behaviour
00 1 1 1 1 1 1
0 50 100 150 200 250 300

Temperature (K)

Figure 10: Simulated temperature dependence for the electron quasi-Fermi level (Fn) and for the hole

quasi-Fermi level (Fp) in the Ti hyperdoped Si layer using the SCAPS software. Simulations are
performed for the open circuit condition and using a reference AM 1.5 spectrum and under an
irradiance of 0.01 mW/cm? to simulate the experimental conditions. The Ti hyperdoped Si conduction
band (top of the figure and valence band (bottom of the figure) are also indicated. As a reference, the
impurity band energetic position derived from the analysis of Fig. 7 is also presented. Arrows indicate

the 0 K extrapolated Fn and Fp energetic position.

Recalling the temperature behaviour of the open circuit voltage (Fig. 8), we
observed two different trends as a function of the temperature: in the high temperature
range, the 0 K extrapolated g X V, energy corresponds roughly to the Si band gap energy
(1.05 eV) while the 0 K extrapolated g x V,. energy for the low temperature range
corresponds to 0.67 eV, a value close to the Ex optical transition (VB-IB). In the
Shockley-Queisser theory, the quasi-Fermi level splitting and the Voc are two
interchangeable quantities which are considered as equal [50,51]. To understand this
result, in Fig. 10 we show the temperature-dependent energy of the electron quasi-Fermi
level (Fn) and of the hole quasi-Fermi level (Fp) in the Ti hyperdoped Si layer, obtained
from the simulation of the band diagrams at the open circuit condition. Simulations were

performed in the temperature range from 300 K to 120 K (for temperatures below 120 K
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the simulation failed to converge). The temperature behaviour of Fp is as expected, i.e.,
Fp approaches the VB as the temperature decreases. This is because the hole
concentration, which is due to the light generation, is approximately constant as the
temperature decreases. Regarding Fn, it does not change in the high temperature range,
while for the low temperature behaviour F, approaches the top of the IB. This is the
expected behaviour of a compensated semiconductor [52]. In the hyperdoped layer we
have a high concentration of Ti atoms that could be acting as deep donor levels, being
compensated by the background acceptor concentration. The difference between the
background acceptor concentration (Na=10® cm) and the Ti deep donor levels
concentration (~10%° cm™) could appear extremely high to talk of a compensation
process. However, despite this high concentration differences, the low temperature
behaviour of Fn is ruled by the compensation process for the case of a deep donor
level [52].

The behaviour of Fn and Fp shown in Fig. 10 would explain the V,. temperature

dependence observed in Fig. 8:

1. In the high temperature range, the 0 K extrapolated Fn intersects an energy of
~1 eV, while the 0 K extrapolated Fp will intersect an energy close to 0 eV,
resulting in a quasi-Fermi level splitting of =1 eV, i.e, an V,. of =1 V. This
supports the 0 K extrapolated V,. observed experimentally in Fig. 8 for the high
temperature behaviour.

2. In the low temperature range, the 0 K extrapolated Fn changes its tendency and
intersect an energy of ~0.79 eV, while the 0 K extrapolated Fp will continue to
intersect an energy close to 0 eV, resulting in a quasi-Fermi level splitting of
~0.79 eV, i.e., an V,. of ~0.79 V. In this case, the extrapolated value obtained
from the simulation is approximately 100 mV higher than the 0 K extrapolated
Voc observed experimentally in Fig. 8 for the low temperature range. This
discrepancy could be explained considering that we simulated the IB as a
Gaussian continuous distribution of donor-like states with a characteristic energy
of 125 meV centred at 0.67 eV. In any case, we consider the key point to be the
temperature-dependence change of F, from the high temperature range to the low

temperature range, and its correlation with the temperature behaviour of the V.
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As a result, the temperature behaviour of the V. could be used as a tool to identify
the energetic position of the impurity band. This is supported by the fact that the impurity
band energetic position given by the analysis of the V,,. temperature behaviour coincides

with the En optical transition (VB-IB) identified in the analysis of Fig. 7.

One final key point remains to be discussed from the analysis of Fig. 10. The
thermal behaviour of F, shows the same temperature regimes as the transport mechanisms
analysed in Fig. 4 and 5. These apparently unconnected phenomena could be in fact
intimately related. From the transport mechanisms analysis, we concluded that at high
bias the transport is dominated by recombination processes in the space charge region.
These recombination processes are mediated by the presence of trap states in the space
charge region. The presence of these traps supports the trap assisted tunnelling processes
between the impurity band and the substrate valence band discussed in the analysis of the
transport mechanisms and represented in Fig. 9. However, the occupation state of these
traps is critical for the probability of the tunnelling process. Fn describes not only the
occupation of states of the conduction band, but also of the traps present in the space
charge region. When F, decreases its energetic position as the temperature decreases, it
implies a higher density of empty traps, therefore increasing the trap assisted tunnelling
probability [48]. The presence of traps in the space charge region can be explained by
process-induced defects [53]. Both, ion implantation and PLM produce different kind of
point defects in Si. For instance, PLM-induced vacancies are measurable even at up to a
micrometer beyond the laser processed Si surface [54]. lon implantation also produces a

large number of highly mobile interstitials residing beyond the end-of-range (EOR) [55].

It is interesting to note that the sum Ey + E;, =1.1 eV, is a value close to the Si
bandgap, supporting the proposed model of a sub-bandgap photoresponse mediated by an
impurity band. Following this reasoning, the Ti impurity band would be located at
Ec — Eiz = 0.45eV. This result agrees well with the quantum calculations based on
density-functional theory made by K. Sanchez et al., [40] where they located the IB at
0.5 eV from the CB. In their work, Sanchez et al. calculate IB energetic positions as a
function of different configurations and concentrations. The referenced value of 0.5 eV
from the CB is the calculated value for the configuration Ti;Si2is, a supercell of
conventional Sig cubic unit cell of 3x3x3, with Ti atoms placed in interstitial positions.
This configuration corresponds to the relaxed structure with the Ti concentration and Ti
lattice position closer to the experiment [56]. The slight difference between the
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experimental (0.45 eV) and the calculated (0.5 eV) values could be related to the
approximations needed during the quantum calculations to attempt to correct the Si
bandgap and to the experimental uncertainty.

The indirect character of both sub-bandgap transitions EL and Ex obtained in
Fig. 7 could be related with previous results on the electronic transport in the impurity
band. From previous works [57] we extracted the low temperature mobility of the
impurity band in Ti hyperdoped Si layers to be extremely low (in the order of 0.1 cm?V-
151, pointing to a band with a high effective mass, i.e., a flat band. With such flat band,
it could be hard to clearly identify the minimums and maximums of the impurity band,
and therefore, to clearly define a direct transition, making the indirect transitions between

the impurity band and the CB or VB the most probable transition.

The proposed IB energetic position is close to some of the referenced values for
the Ti donor level in Si such as Ec — 0.512 eV in Ref. [58], or Ec — 0.49 eV in Ref. [59]
However it is important to note that the position of the impurity band is not necessarily

related to the energetic position of the isolated deep level impurity [40].

Another feature which could be of great interest in these materials is the analysis
of the Si band-edge (photons energies higher than 1.12 eV) and its temperature
dependence. Due to the high density of impurity states, an electronic interaction with the
Si conduction and/or valence band may take place. Such interaction could modify the Si
bandgap, or even make the Si band-edge to evolve into the direct bandgap feature. This
is in fact a distinguishing feature of highly mismatch alloys, a different and fruitfully
strategy to obtain impurity band materials [60,61]. Unfortunately, this feature cannot be
studied in the present work. Once we illuminate the photodiode with photon energies
equal or higher than the Si bandgap, the underlying 300 microns Si substrate starts to
contribute to the total photocurrent. Due to its higher thickness compared to the Ti
hyperdoped Si layer thickness (20 nm), its contribution to the total photocurrent could
masks any contribution from the Ti hyperdoped Si layer. For this reason, we have decided

to focus our study on the sub-bandgap region.

One can argue that the observed sub-bandgap photoresponse could be due to a
two-photon-absorption (TPA) process. However, it is known that a TPA process presents
a quadratic dependence of the photogenerated photocurrent with the input optical

power [62]. The linear sub-bandgap dependence observed in Fig. S3 of the
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supplementary material [42] discards a TPA process, supporting the previously discussed

scenario of a single-photon absorption mediated by an impurity band.

The 0.02 % room-temperature EQE measured at the key telecommunication
wavelength of 1.5 um is among the present best technologies based on hyperdoped Si.
Nevertheless, there is still plenty of room for improvements. In future works, to boost the
overall sub-bandgap efficiency of the devices, we will focus on increasing the absorptance
of the material. For that, the first step would be to thoroughly understand the optical
properties of the hyperdoped materials. We will perform temperature-dependent
transmission and reflectance experiments as an addition to the room-temperature results
published in [12]. In parallel, we are exploring strategies such as developing a new
technology to increase the thickness of the hyperdoped material or by incorporating an
anti-reflection coating. Additionally, Meng-Ju Sher et. al., [63] showed that the lifetime
in chalcogen-hyperdoped Si is in the ps-ns range. With such a short lifetime is key to
develop charge carrier collection strategies, such as the application of intense electric
fields, the incorporation of a passivating layer or the use of architectures such as pin
photodiodes or gate-controlled phototransistors. Finally, in this work we have shown that
a great increase of the photoresponse is obtained once the substrate valence band is
accessible by tunnelling from the impurity band. Therefore, a strategy to increase the
photoresponse of future devices will be to explore new device architectures to facilitate

this electronic transport path.
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5.- Conclusions

A Ti hyperdoped-Si/p-Si photodiode operating at room-temperature has been
manufactured by means of a CMOS compatible route based on ion implantation and
pulsed laser melting processes. A detailed structural and compositional characterization
has revealed a single crystalline Ti hyperdoped-Si layer with Ti homogeneously
distributed at concentrations as high as 1 atomic %. A clear rectification behaviour as
well as a 0.2 V open circuit voltage was measured. Analysis of the electronic properties
with variable temperatures has revealed two main transport mechanisms: a recombination
in the space charge region at high bias and a tunnel transport mechanism appearing at low
temperatures and low bias. By an in-depth characterization of the temperature dependent
spectral EQE results, we reported a consistent explanation for the nature of the sub-
bandgap photoresponse. The proposed mechanism considers the formation of an impurity
band within the Si bandgap, which allows for sub-bandgap optical transitions. These
optical  transitions were determined to be E_=Ecg—Er=0.45eV and
En=Eis—Evs=0.67 eV. Supported by numerical semiconductor simulations, we revealed
that the contribution of the low energy photoresponse edge E. to the total photocurrent is
directly related to the tunnelling mechanism. Only when the substrate valence band is
electrically connected with the impurity band it is possible to probe the EL contribution
to the photocurrent. Finally, the temperature dependence of the open circuit voltage could
be used as a powerful tool to estimate the energetic position of the impurity band within
the Si bandgap. We showed that the extrapolated 0 K open circuit voltage value is directly
related with the temperature behaviour of the electron quasi-Fermi level (Fn), which tends

to the top of the impurity band as the temperature tends to 0 K.

The 0.02 % EQE measured at the 1.5 um key telecommunication wavelength is
just the first step. A full optimization of this proof-of-concept device could boost the
efficiency at 1.5 pum, making these hyperdoped-Si materials robust candidates for room-
temperature CMOS compatible SWIR photodetectors.
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ADDITIONAL INFORMATION:

Supporting Information Contents:

Table S1: Main numerical parameters used for the SCAPS simulation presented in the
main text

Figure S1: Spectral dependence of the magnitude (EQE x hv)% for the temperature range
corresponding to the high temperature behaviour. Lines are fits to Eg. 3 in the main text,
which allows the identification of the high energy photoresponse edge (En).

Figure S2: Spectral dependence of the magnitude (EQE x hv)% for the temperature range
corresponding to the low temperature behaviour. Lines are fits to Eqg. 3 in the main text,
which allows the identification of the low energy photoresponse edge (EL) and the high
energy photoresponse edge (En).

Figure S3: Photodiode current measured as a function of the optical density power for
two different wavelengths and temperatures. Both measurements present a linear
dependence.
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