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Abstract 

Photovoltaic solar cells based on the intermediate band (IB) concept could greatly 
enhance the efficiency of future devices. We have analyzed the electrical and 
photoconductivity properties of GaP supersaturated with Ti in order to assess its suitability for 
IB solar cells. GaP:Ti was obtained by ion implantation followed by pulsed laser melting (PLM) 
using an ArF excimer laser. It was found that PLM energy densities between 0.35 and 0.55 
J/cm2 produced a good recovery of the crystalline structure of the GaP (both unimplanted and 
implanted with Ti), as evidenced by high mobility measured values (close to the reference 
GaP). Outside this energy density window, the PLM failed to recover the crystalline structure 
producing a low mobility layer that is electrically isolated from the substrate. 

Spectral photoconductivity measurements were performed using the van der Pauw set 
up. For GaP:Ti a significant enhancement of the conductivity was observed when illuminating 
the sample with photon energies below 2.26 eV, suggesting that this photoconductivity is 
related to the presence of Ti in a concentration high enough to form an IB within the GaP 
bandgap. The position of the IB was estimated to be around 1.1 eV from the conduction band 
or the valence band of GaP, which would lead to maximum theoretical efficiencies of 25% - 
35% for a selective absorption coefficients scenario and higher for an overlapping scenario.  
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Introduction   

 Photovoltaic devices fabricated with intermediate band (IB) semiconductors have the 
potential of greatly exceed the Shockley-Queisser efficiency limit [1, 2]. While silicon solar cells 
have the advantages of low cost raw material and very mature technology, a semiconductor 
with a bandgap close to 2 eV would theoretically attain the optimum efficiency in an IB solar 
cell, reaching values over 60% under concentrated light. Gallium phosphide, with a 2.26 eV 
bandgap could be an interesting candidate for this task. As a reference, the maximum 
efficiency of an ideal GaP solar cell without IB and without concentration would be around 
20% [3]. However, practical GaP devices only achieve efficiencies below 5% because they are 
limited by low diffusion lengths and high surface recombination velocities [4, 5]. 

 Theoretical studies claim that the introduction of several different impurities in GaP 
could form an IB [6, 7]. Among other transition metals, Ti has been theoretically analyzed and 
seems to be the most promising element [8, 9]. The position of the IB inside the GaP bandgap 
would be of special importance for the estimation of the efficiency limit of the GaP:Ti system. 
Although we could not find any clarifying study regarding the position of Ti deep levels in GaP, 
some evidences point to values located at 0.66 eV and 0.96 eV [10, 11]. Regarding theoretical 
calculations for IB GaP:Ti, the feasibility of the material seems to be demonstrated [12-15], but 
its location inside the bandgap has not been fully predicted yet. Moreover, most methods do 
not take into account indirect transitions and therefore the indirect bandgap of GaP cannot be 
correctly calculated. 

 One of the possibilities to form an IB in GaP out of the Ti deep levels is the introduction 
of a high concentration of Ti in the GaP lattice to induce a transition from non-radiative 
recombination to radiative recombination [16]. We will name the required concentration as 
Luque’s. Since the solid solubility of deep levels is usually much lower than Luque’s limit, 
obtaining the IB can be a challenging task. In general, solid solubility of deep levels in III-V 
semiconductors is around 1017 cm-3 [11], while Luque’s limit would be around 1020 cm-3 [16]. 
Therefore, techniques working out of thermodynamical equilibrium should be used to achieve 
the required impurity concentration. For other IB materials based on III-V semiconductors, 
such as highly mismatched alloys, the combination of ion implantation and pulsed-laser 
melting (PLM) has been successfully carried out [17-19]. The PLM can melt and recrystallize the 
implanted layer, trapping most of the implanted impurities while resulting in a high crystal 
quality with impurity concentration well beyond the solid solubility limit. Laser processes for 
semiconductors were deeply studied in the 70 – 80’s [20], but since then, most of the research 
related to III-V semiconductors has been conducted with GaAs. 

In Refs. [21, 22], we concluded that melting and recrystallization processes under 
excimer laser radiation are not straightforward for GaP. It seems that for high recrystallization 
velocities GaP is not able to regrow following the crystal structure of the underlying non-
melted substrate, and polycrystalline phases appear, though for high energy densities the 
crystal quality and the size of the grains increased. Recent results [23] seem to indicate that 
high quality recrystallization takes place just only in a quite narrow laser energy density 
window. This is similar to previous results for GaAs laser annealing [24, 25] and suggest a quite 
different scenario compared to the much more straightforward recrystallization by laser 
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processing of Si [26]. Besides, Ti implanted GaP at high doses has been studied in [27] in the 
scope of IB materials, concluding that the material can be fabricated with high crystal quality 
using electron-beam pulse annealing. However, no electronic or optoelectronic properties of Ti 
supersaturated GaP have been reported yet. 

In this work we first find a suitable process window for excimer laser recrystallization of Ti 
implanted GaP using a specific PLM system. To analyze the quality of the processed films we 
show the measured electronic transport properties as a function of temperature. Afterwards 
we present the spectral sheet photoconductance of several GaP samples implanted with Ti and 
well recrystallized and discuss the results. 

 

Experimental 

 Undoped GaP grown by the Czochralski method in the <100> direction, single side 
polished, 500 µm of thickness, with a resistivity around 0.3 Ωcm at room temperature (carrier 
concentration in the 2×1016 – 8×1016 cm-3 range), was implanted in a refurbished VARIAN 
CF3000 Ion Implanter by the polished surface with two 48Ti+ doses, 8×1014 cm-2 and 2×1015 cm-

2, at energies of 28 keV and 32 keV, respectively. All implantations were conducted using a 7° 
tilt angle. For these implantation parameters, Stopping and Range of Ions in Matter (SRIM) 
simulations yielded projected ranges of 23 and 26 nm, and a peak Ti concentrations of 
2.57×1020 cm-3 and 5.87×1020 cm-3.  

To recover the lattice damaged during the implantation process, a subsequent PLM 
process was performed in air. Implanted samples were irradiated with an ArF excimer laser 
(λ=193 nm, 20 ns full width half maximum). An imaging set up was used in order to have a top-
hat laser beam profile at the irradiation plane. This consisted of a fused silica planoconvex lens 
(focal length 41 mm at 193 nm) that precisely imaged a 3 x 3 mm2 aperture, inserted into the 
central region of the laser beam path, 53 cm after the laser output, onto the sample surface to 
lead to a 0.95 ± 0.02 x 0.95 ± 0.02 mm2 beam size at the irradiation plane. Thus, the laser 
beam was tiled across the surface of the samples to process their whole area using a single 
laser pulse in each step. The overlapping between consecutive horizontal and vertical 
irradiated areas was 5 µm and 10 µm, respectively. To find the best quality recrystallization 
window of the PLM for unimplanted GaP, a set of samples was fabricated and the energy 
density of the ArF excimer laser pulse was swept in the 0.3 – 0.55 J/cm2 range. The energy 
density uncertainty was estimated to be ∼5%. These values were chosen because they are 
known to produce good quality recrystallization on other III-V semiconductors for a similar 
excimer laser wavelength [23]. Regarding the lower limit, an energy density over 0.3 J/cm2 is 
needed to homogeneously melt the surface of GaAs [28]. 

After the PLM processes, in order to measure the electronic transport properties and 
the spectral sheet photoconductance, samples were cut in 0.5×0.5 cm2 square pieces and 
contacted on the corners of the implanted surface to use the van der Pauw set up. To fabricate 
the contacts, four triangular masks were used to deposit 50 nm of Ni by e-beam evaporation 
followed by a Joule evaporation of 200 nm of Au/Ge (88:12). Both evaporations were 
performed without breaking the vacuum. To improve the contact quality for the non-
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implanted samples a rapid thermal annealing (RTA) at 500 °C during 30 s in Ar atmosphere was 
conducted. No RTA was performed on the implanted samples since they contain a very high Ti 
concentration. This concentration might be over the solid solubility limit and therefore could 
be in a metastable situation that could be modified by the RTA process. This supersaturation is 
the key of many of the impurity band materials [29, 30]. Nevertheless, the high concentration 
of Ti would assure a good contact characteristic for the van der Pauw set up. 

Sheet resistance and Hall effect measurements were performed at variable 
temperature in the 75 – 300 K range in a closed-cycle Janis cryostat. A Keithley 4200 SCS with 
four source and measure units was used, and the van der Pauw configuration was switched, 
changing also the current source (1 mA) and magnetic field (0.89 T) directions to measure and 
average a total of 8 configurations for the sheet resistance and 16 configurations for the Hall 
effect. From these measurements the Hall mobility was also obtained. 

Time-of-Flight secondary ion mass spectrometry characterization was conducted on 
implanted samples to obtain the Ti concentration as a function of depth. A TOF-SIMS5 
fabricated by ION-TOF with a Bi3

+ (0.25 pA) primary gun at 25 kV was used, extracting at 10.5 
kV. For the sputtering an O2 gun was configured at 1 kV producing a 300×300 µm2 crater. 
Some Ti as-implanted samples without subsequent thermal process were used for 
calibration purposes, using the implanting dose as a reference. To convert from sputter time 
to depth, the final crater was characterized by contact with a Sloan Dektak profilometer and 
a constant erosion rate was assumed. 

The room temperature spectral sheet photoconductance of the samples was 
measured using the van der Pauw configuration to reduce the effect of the series resistance of 
the contacts. Measurements were conducted with a current source of 1 mA and illuminating 
by the implanted surface in the 250 – 1125 nm range with a Horiba iHR320 spectrophotometer 
with two diffraction gratings. The light source was a 250 W tungsten halogen lamp and slits 
were configured for different measurements at 0.5 mm and 2 mm, producing a resolution of 
1.16 and 4.62 nm, respectively. Long-pass filters were placed at 320, 550 and 750 nm. Light 
was mechanically chopped at 23 Hz and the AC van der Pauw voltage was measured with a 
Stanford Research System SR830 DSP lock-in amplifier in (A-B) configuration. To calibrate the 
light source in terms of W/cm2 a calibrated Si S2281 photodiode (Hamamatsu) in photovoltaic 
mode was used. To guarantee the reliability of the results, the spectral sheet 
photoconductance measurements were repeated and confirmed using a 100 W tungsten 
halogen lamp and a NewPort Cornerstone 7400 monochromator. Finally, to measure the 
spectral sheet photoconductance in the short and mid infrared (1 – 5 µm) range we used a 
TMc300 Bentham monochromator with a 140 W Globar (SiC) source. The intensity of the 
light was calibrated with a Bentham pyrometric detector. 

 
Detailed Balance 

 
The efficiency limit of IB solar cells based on GaP was obtained by means of the 

detailed balance model used in [1]. This model assumes that: (1) carriers recombine only by 
means of radiative processes; (2) the sun and the surroundings of the solar cells are black 
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bodies at temperatures 6000 K and 300 K respectively, and the IB solar cells are bodies at 300 
K; (3) the IB is a zero width energy band; (4) all photons with energy higher than the lowest 
sub-bandgap are absorbed; (5) the absorption coefficients related to the optical transitions are 
selective; (6) photons emitted by the solar cells can be reabsorbed by means of photon 
recycling; (7) the carrier mobility in the CB and the VB is infinite (or what it is the same, the 
quasi-Fermi levels are constant); (8) a perfect mirror is located at the back of the solar cell. 

In Fig. 1.a we present the efficiency limit of ideal IB solar cells based on GaP under 
maximum sunlight concentration (46050 suns). In this plot the x-axis represents the IB position 
with respect to the conduction band (CB) or the valence band (VB). Due to the symmetry of 
the calculations, above 1.1 eV a mirrored curve would exist with the complementary position 
of the IB. Also, we show as references the maximum efficiency achievable for a GaP single 
bandgap solar cell (bandgap of 2.26 eV) under maximum concentration (calculated in this 
work) and the maximum efficiency achievable for an ideal IB solar cell [1]. A band diagram is 
shown in Fig. 1.b depicting the IB energy versus the CB energy, i.e. ECB-EIB. 

As it can be seen, the calculated efficiencies are well above the efficiency of a single 
bandgap solar cell, and for ECB-EIB = 0.85 eV (or EIB-EVB = 0.85 eV) the efficiency is close to the IB 
optimum. These theoretical results would validate GaP as an interesting material for IB 
research. Since actual GaP solar cells have maximum efficiencies below 5% [4] there is much 
room for improvement. 

 

            
Figure 1. a) Detailed balance results for a 2.26 eV bandgap solar cell with an IB. Results are plotted as a function of 
the position of the IB. Calculated efficiency overcomes the one of a single bandgap solar cell, and for  ECB-EIB = 0.85 
eV (or EIB-EVB = 0.85 eV) is close to the IB ideal limit. a) Band diagram of an IB semiconductor based on GaP. 

 

Results 

Fig. 2 shows the room temperature values of sheet resistance (a) and Hall mobility (b) 
of different unimplanted GaP samples as a function of the energy density of the PLM. Results 
are shown together with previous results from a study performed by some of the authors 
using a KrF (λ=248 nm) excimer laser [22] with a 20 ns pulse to process unimplanted GaP. The 
effect of the different laser wavelengths (ArF, 193 nm, in this study; and KrF, 248 nm, in [22]) 
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should be negligible, since the absorption length would be between 5 and 10 nm in both cases 
and the pulse time is the same. 

As it can be seen in Fig. 2.a, after the PLM the sheet resistance of the samples 
approaches the sheet resistance of the reference substrate (not laser processed) only for a 
narrow range of energy densities. Outside this range the sheet resistance of the samples 
greatly increases. A similar trend occurs for the Hall mobility: in the same energy density range 
the mobility of the processed samples is similarly high to the mobility of an unprocessed 
reference. Outside this range the mobility has lower values and for the highest energy 
densities the Hall mobility has a negligible magnitude. 

  
Figure 2. a) Room temperature sheet resistance of PLM processed unimplanted GaP samples as a function of the 
excimer laser energy density. In the 0.35 – 0.55 J/cm2 range the resulting sheet resistance is almost equal to the 
sheet resistance of untreated GaP. Outside this range the sheet resistance increases abruptly. b) Room temperature 
Hall mobility of PLM processed unimplanted GaP samples as a function of the excimer laser energy density. In the 
0.35 – 0.55 J/cm2 range the resulting mobility is almost equal to (even higher than) the sheet resistance of 
untreated GaP. Outside this range the mobility decreases abruptly. Horizontal dashed lines in a) and b) correspond 
to the sheet resistance and Hall mobility of untreated GaP. 

 
To deeply analyze the effect of the energy density of the PLM on the electronic 

transport properties of GaP, we compare in Fig. 3, as a function of the measured temperature, 
the sheet resistance (a) and Hall mobility (b) values of an untreated GaP reference sample, an 
unimplanted GaP sample PLM processed at 0.4 J/cm2 (inside the process window shown in Fig. 
2), an unimplanted GaP sample PLM processed at 1.2 J/cm2 (outside the process window) and 
a Ti implanted (2×1015 cm-2 dose) GaP sample subsequently PLM processed at 0.52 J/cm2 (also 
inside the process window). At temperatures over 100 K optical phonon scattering processes 
dominate producing mobility with an almost potential trend [31]. Except in the case of the 
undoped GaP samples processed at 1.2 J/cm2 and thus, outside the process window, high 
mobility values around 100 cm2/Vs at room temperature are obtained. These values are 
consistent with the electron concentration measured (1016 – 1017 cm-3), pointing to a high 
crystal quality [31]. Even with the high Ti dose implanted, the GaP:Ti sample presents 
electronic properties almost equal to the reference substrate. Regarding the sample processed 
at 1.2 J/cm2, the behavior of both the mobility and the sheet resistance are completely 
different from the other samples. This sample presents negligible values for the mobility and 
an almost constant sheet resistance. 

 



7 
 

 
Figure 3. a) Sheet resistance of GaP samples as a function of the measured temperature. The figure includes an 
untreated GaP reference sample, an unimplanted GaP sample PLM processed at 0.4 J/cm2 (inside the process 
window shown in Fig. 2), an unimplanted GaP samples PLM processed at 1.2 J/cm2 (outside the process window) 
and a Ti implanted (2×1015 cm-2 dose) GaP sample subsequently PLM processed at 0.52 J/cm2 (also inside the 
process window). b) Hall mobility as a function of the measured temperature of the same samples presented in a). 

 
 To analyze the Ti concentration in the implanted layer, Fig. 4 shows the ToF-SIMS 
results of two implanted samples that will be studied below. The concentration is extremely 
high in both samples, overcoming the Luque’s limit in a surface layer of about 30 nm and 55 
nm, respectively. 

 
Figure 4. Titanium concentration as a function of depth, obtained by ToF-SIMS measurements, of two GaP samples 
implanted with 8×1014 cm-2 and 2×1015 cm-2 Ti doses, and PLM processed with an energy density of 0.45 J/cm2 and 
0.52 J/cm2, respectively. 

 
Representative results for several GaP samples of the spectral response measurements 

as a function of the photon wavelength are shown in Fig. 5.a, while Fig. 5.b shows a sketch of 
the experimental set-up. We present the spectral sheet photoconductance of a GaP reference 
unimplanted sample, of a GaP unimplanted sample PLM processed and of two Ti implanted 
GaP samples PLM processed after the ion implantation. The Ti implanted samples are the 
same ones analyzed by ToF-SIMS in the previous figure. For all the samples shown in Fig. 5.a, 
the PLM processes were conducted at energy densities inside the 0.35 – 0.55 J/cm2 range. 

Regarding the shape of the spectral sheet photoconductance curves, all the samples 
show the onset of the indirect bandgap of GaP at about 2.26 eV (λ≈550 nm) [32]. The GaP 
direct bandgap at about 2.78 eV (λ≈450 nm) [33] is also evident for all the samples except the 
one without laser process. Both unimplanted samples reach the noise level at about 550 nm. 
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However, a below bandgap response is measured for the Ti implanted samples, with a 
measurable signal up to 850 nm and 1000 nm. Over 1000 nm no signal was measured for any 
of the samples, not even with the dedicated infrared monochromator. Finally, an abrupt 
minimum around 550 nm is present in the Ti implanted samples. This feature has been 
measured with reliability and appears in all the samples implanted with Ti. A phase change of 
about 40° is also measured by the lock-in at about 550 nm for the Ti implanted samples (see 
Supplementary information section). 

 

 
Figure 5. a) Spectral sheet photoconductance of several GaP samples as a function of the photon wavelength. This 
magnitude has been calibrated with the incident light power density. Results are presented for two unimplanted 
GaP samples, with and without PLM, and for two Ti implanted samples (doses: 8×1014 cm-2 and 2×1015 cm-2)  PLM 
processed. All PLM processes were conducted at energy densities inside the process window depicted in Fig. 2. For 
the unimplanted and PLM processed sample (red-circles), the measured signal at wavelengths over 550 nm is just 
“calibrated” noise, and no useful voltage could be obtained in this range. The uncalibrated data can be shown in the 
“Supplementary information” section. b) van der Pauw set-up for the measurement of the spectral sheet 
photoconductance. 

 
 
Discussion 
 

The results presented in [22] showed that when GaP recrystallization was not good the 
Hall effect measurements resulted in negligible mobility values, as shown for the sample 
processed at 1.2 J/cm2 (Fig. 3b). As a consequence of this negligible mobility, outside the 0.35 – 
0.55 J/cm2 range there is an abrupt increase of the sheet resistance (Fig. 2.a). The high values 
of the sheet resistance point to a blocking mechanism between the PLM processed layer and 
the untreated substrate, since a parallel conduction would result in a sheet resistance lower 
than any of the layers (shown also in Fig. 3.a). This mechanism that blocks transversal 
conduction may be related to the formation of a potential barrier between the crystalline GaP 
substrate and the poorly crystallized surface layer after PLM [34]. This potential barrier would 
be produced by the interface defects. 

For a good recrystallization of the GaP surface we suggest that the energy density of 
the laser process has to be restricted to a very narrow process window. This conclusion is 
consistent with Yuan et al. [23] results, who recently showed by means of Rutherford 
backscattering and TEM measurements that the optimal energy density of the laser process to 
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recrystallize GaP implanted samples would be around 0.4 J/cm2 for a laser system similar to 
the one used in this work. In our measurements the process window would be delimited by 
the abrupt decrease of the Hall mobility (the 0.35 – 0.55 J/cm2 range), which has been proved 
to be very sensitive to the recrystallization process. Taking into account this sensitivity, we 
consider that a high measured mobility for samples PLM treated with energy densities inside 
the process window is a fingerprint of a layer recrystallized with high quality. A similar process 
window has been reported for other III-V semiconductors [24, 25] yet other materials, such as 
silicon [35], are characterized by a much broader process window, therefore being more easily 
recrystallized by a laser process. 

Due to the similarity of the electronic transport properties of three of the samples 
presented in Fig. 3 we suggest that these properties would account for parallel conduction by 
the surface processed layer and the substrate. The slight variations shown for these three 
samples would be originated by differences in the wafer batch, and fit within the range 
measured by the supplier. These effective properties would be highly influenced by the 
substrate properties, since the substrate is more than three orders of magnitude thicker than 
the surface PLM processed layer and has high crystal quality and therefore high mobility. The 
high carrier concentration in the substrate would also make this part of the sample to 
dominate in conduction. Even with the extremely high Ti concentration present in the 
implanted samples (see Fig. 4) the effective electronic transport properties are almost equal 
to the reference substrate ones in all the temperature range measured. This would point 
that the Ti impurities are not significantly contributing to conduction in the GaP:Ti samples. 
To confirm this hypothesis, future research with samples based on semi-insulating GaP is 
now under way to measure the properties of the GaP:Ti material without any interference of 
the substrate. On the contrary, the sample processed at 1.2 J/cm2 (outside the process 
window) shows a negligible mobility (Fig. 3.b). It seems again that for laser processes carried 
out with energy density outside the process window the substrate is no longer present in the 
measurement, as a consequence of a deficient recovery of the crystalline quality, and we only 
obtain the properties of the defective processed layer [22]. 

It is also interesting to remark that the Ti implanted GaP sample has mobility values 
(Fig. 3.b) that point to a good recrystallization of the implanted layer. This would mean that for 
the Ti implanted doses used in this work the laser process window would remain in the same 
energy density range. It is important to recall that the Ti doses used are extremely high, 
resulting in Ti concentrations peaking above 1020 cm-3, which are in principle in the range 
needed for the IB formation [16].  

Therefore, the above presented results demonstrate that it is possible to achieve high 
quality recrystallization of unimplanted and Ti implanted GaP layers within a narrow PLM 
process window. We can now analyze the effect of PLM on the spectral response of the 
samples (Fig. 5.a). Firstly we should compare the sheet photoconductance of the two 
unimplanted samples. The shapes of the curves are quite different, having the PLM processed 
sample a much stronger response. Both curves show an onset at about 550 nm, i.e. the 
indirect bandgap of GaP, but only the PLM processed sample shows another increase for the 
direct bandgap of GaP (around 450 nm). Below 400 nm the PLM processed sample presents a 
decay that is usually attributed to surface recombination [4, 36]. In the case of the 
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unimplanted sample without PLM, a similar decay is produced, but in this case at wavelengths 
below 500 nm. We suggest that surface recombination is much stronger in the second case 
and therefore the effect takes place at higher wavelengths. Similarly, in [36] authors show how 
the quantum efficiency of GaP solar cells can be enhanced in the short-wavelength region by 
reducing the surface recombination velocity and increasing the lifetime in the surface layer 
(emitter). The PLM might have passivated in some way the surface, reducing recombination 
and increasing the sheet photoconductance. 

The exact origin of this possible surface passivation is unknown at the present 
moment, and more research is taking place to elucidate it. It is important to note that all 
samples PLM processed with energy densities inside the laser process window shown in Fig. 2 
have a sheet photoconductance spectrum much higher than the one of the untreated GaP 
reference sample and with a shape similar to the one of the unimplanted and PLM processed 
sample at wavelengths below 550 nm. This fact would point to the PLM as the cause for the 
possible passivation. Since PLM is conducted in air, the passivation might have occurred due to 
an oxidation process. This hypothesis is consistent with the fact that the PLM would only 
modify a surface layer of about 100 nm, since the 193 nm light of the ArF laser is absorbed 
superficially [37]. Therefore these differences cannot be originated in the bulk, leading again to 
a surface effect. In the case of other III-V semiconductors, such as GaAs, laser processing in air 
can produce a time-stable surface passivation [38]. A GaAs surface cleaning by removing a low 
quality native oxide, followed by S passivation, by means of excimer laser irradiation has been 
also reported, showing in some cases an increase of the photoluminescence intensity [39, 40]. 

For wavelengths above 550 nm (energies below the indirect GaP bandgap), no sheet 
photoconductance is observed for the unimplanted samples. On the other hand, a new 
photoconductance mechanism appears for the Ti implanted samples in this sub bandgap 
region. We suggest that its origin is related to the high Ti concentration introduced. The Ti 
concentration is high enough to overcome the Luque’s limit (see Fig. 4), and therefore an IB 
might have formed due to overlapping of the Ti deep levels in the implanted GaP:Ti layer 
[16]. This IB material could take advantage of a broader part of the solar spectrum and in 
principle become the core of a more efficient GaP solar cell. 

A minimum of the sheet photoconductance is observed in the spectra of the Ti 
implanted samples at about 550 nm (Fig. 5.a). This feature is very abrupt and interestingly it is 
located close to the energy of the indirect bandgap of GaP. This kind of feature has been 
previously reported [41-43] but it is particularly remarkable in our spectra. At wavelengths 
below 550 nm the trend is similar to the one of the PLM processed unimplanted GaP sample, 
showing the sheet photoconductance related to the bare GaP bandgaps transitions. Special 
care was taken in the measurement of this feature, avoiding any misinterpretation of the 
results originated in the experimental system. In fact, the samples were measured in two 
different systems, confirming the results. Moreover, the fact that the reference samples do 
not present this feature indicates that it is not an artifact of the measurement. The 40° phase 
difference measured above and below 550 nm would neglect the hypotheses of having 
negative photoconductivity or two competing processes with opposite current directions (i.e. 
photoconductive and photovoltaic processes), since this would produce a 180° phase 
difference. It has been reported that IB materials can have an abrupt decrease of the 
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absorption coefficient related to the transitions involving the IB [14, 15]. At certain energies 
the probability of a transition can decrease due to the specific distribution of the density of 
states of the three bands. This hypothesis to explain the appearance of this abrupt dip in the 
spectral sheet photoconductance spectra would be in agreement with reference [43].  

To get insight on the new transitions related to Ti, sheet photoconductance curves in 
Fig. 5.a were fitted to Eq. (1). Our hypothesis is that the sheet photoconductance would be 
proportional to the absorption coefficient at energies close to the bandgap, and therefore the 
bandgap values could be extracted in this way [44]: 

∆𝐺𝐺𝑠𝑠ℎ𝜈𝜈 = 𝐴𝐴�ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔�
𝑛𝑛

   (1) 

where ∆𝐺𝐺𝑠𝑠 is the sheet photoconductance, ℎ𝜈𝜈 is the photon energy to normalize for 
the number of incident photons, 𝐴𝐴 is a constant, and 𝑛𝑛 would take the value 0.5 for direct 
transitions and 2 for indirect transitions. 

 Eq. (1) fittings for the GaP sample implanted with the 2×1015 cm-2 Ti dose and PLM 
processed with 0.52 J/cm2 are shown in Fig. 6.a. For the transitions at about 2.78 eV we used 
the direct bandgap approximation, and the indirect bandgap approximation was used for the 
other two transitions. In particular, for the transition below 2.26 eV, i.e. the new transition 
related to Ti, the indirect approximation could be fitted better and in a wider range in 
comparison to the direct bandgap approximation. 

   
Figure 6. a) Fittings of the spectral sheet photoconductance data to Eq. 1 for the different transitions observed in 
Fig. 5.a for the sample implanted with the 2×1015 cm-2 Ti dose and PLM processed with 0.52 J/cm2. The direct 
transition fitting corresponds to the right axis while the indirect transitions correspond to the left axis. b) Solar 
spectral irradiance as a function of the wavelength. The transitions values obtained from the fittings shown in Fig. 
6.a are indicated. A pure GaP solar cell would absorb at wavelengths below 550 nm (indirect bandgap in green and 
direct bandgap in blue) while a solar cell including GaP:Ti could also take advantage of the 550 – 1100 nm range 
(red). 
 

Fitted values for all the transitions of all the samples shown in Fig. 5.a are presented in 
Table 1 (the fitted curves can be seen in the Supplementary information section). As it can be 
seen, the values of both the indirect and the direct bandgaps of GaP, ideally located at 2.26 eV 
and 2.78 eV at room temperature are well measured, being the highest deviation of about 0.1 
eV, i.e. less than 5%. The error in the direct bandgap analysis is higher than the one of the 
indirect bandgap since in the first case the wavelength range for the fitting is lower and, 
moreover, the indirect transition overlaps with the direct one. This good agreement would 
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validate the above stated assumption of the proportionality between the sheet 
photoconductance and the absorption coefficient at energies close to the bandgap. However, 
in the case of the unimplanted and non PLM processed sample the direct bandgap value could 
not be extracted. The bandgap value of this sample has also the highest error due to the low 
signal intensity of the voltage obtained from the spectral sheet photoconductance 
measurement. 

Ti Dose PLM Indirect Direct Indirect 
0 No 2.16 eV   
0 Yes 2.20 eV 2.70 eV  

8×1014 cm-2 Yes 2.22 eV 2.70 eV 1.06 eV 
2×1015 cm-2 Yes 2.21 eV 2.69 eV 1.15 eV 

 
Table 1. Fitted values to Eq. 1 for the transitions shown in the sheet photoconductance spectra for all the samples 
presented in Fig. 5.a. Both the energy values of the indirect and the direct bandgap of GaP are well measured. The 
new transition related to the IB formed by the Ti levels is fitted at about 1.1 eV. 

 

Regarding the values extracted from the Eq. 1 analysis for the Ti implanted samples, 
we suggest that the sheet photoconductance at wavelengths over 550 nm is originated from 
indirect transitions involving the new IB located at about 1.1 eV (about 1100 nm) from the VB 
or CB of GaP. This band would be formed by the delocalization of Ti deep levels due to the high 
impurity concentration [16]. This value is just close to the middle of the 2.26 eV bandgap and 
would make GaP:Ti sensible to the 550 – 1100 nm range (notice the red range in Fig. 6.b). 
Relating the values of the new band transitions shown in Table 1 with the results presented in 
Fig. 1.a, we conclude that with the Ti doses used in this study the maximum achievable 
efficiency for a GaP:Ti solar cell would be around 25% - 35%. These values would be higher 
than the efficiency for a single bandgap GaP solar cell, but close to the Si Shockley-Queisser 
limit (around 30%). 

The analysis shown in Fig. 1.a was performed assuming that the absorption coefficients 
of the different transitions would not overlap, i.e. they are selective. It has been reported that 
for the case in which the IB is located close to the middle of the bandgap of the 
semiconductor, an overlapping scenario would be theoretically more efficient [45]. Also, it 
seems that we could attempt to optimize the IB position by varying the fabrication 
parameters, specifically the implantation dose [8]. Finally, these results open the possibility of 
implanting other transition metals, such as V, Cr or Sc, which have been theoretically proposed 
to form an IB in GaP [7]. 

 
 
Conclusions 
 

GaP supersaturated with Ti was obtained by means of ion implantation followed by 
PLM. The energy density of the PLM was found to be critical to achieve a good crystallinity 
recovery after the ion implantation. A narrow energy process window between 0.35 and 0.55 
J/cm2 was determined for an adequate crystalline structure for both unimplanted samples and 
samples implanted with Ti. 
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 A significant photoconductivity signal was measured for the Ti implanted samples for 
energies below the bandgap of GaP, which we attributed to the presence of Ti in a sufficient 
concentration to form an IB within the GaP bandgap. The position of this IB was estimated to 
be close to the midgap, around 1.1 eV from the CB or the VB. From a detailed balance analysis, 
this would lead to a maximum efficiency in the 25% - 35% range assuming that both transitions 
involving the IB (from VB to IB and from IB to CB) do not overlap. Higher efficiency is expected 
in an overlapping absorption scenario. These results suggest that efficiency of GaP solar cells 
could be strongly enhanced by means of the formation of an IB and encourage further 
research of supersaturated GaP with transition elements. In particular, future research will be 
devoted to the confirmation of the existence of an intermediate band in GaP:Ti with 
alternative techniques. 
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Supplementary information 

Figure S1 shows the photogenerated voltage from the measurement of the spectral 
sheet photoconductance of a sample unimplanted and PLM processed and of a sample Ti 
implanted (8×1014 cm-2) and PLM processed. The samples are the ones analyzed in Fig. 5.a of 
the main text. This supplementary information is added to avoid misinterpretations of results 
in Fig. 5.a, due to the similarity of the curves in the 550 – 650 nm range for these two samples. 
The measured voltage was extracted using the van der Pauw configuration and the lock-in 
amplifier as in Fig. 5.b. To calibrate this voltage to the sheet photoconductance magnitude 
shown in the main text, we measured the light power density outgoing the monochromator 
with a calibrated Si detector and used the method described in J. Olea et al., J. Appl. Phys. 114, 
053110 (2013). As it can be seen, the voltage at wavelengths over 550 nm are just noise for the 
unimplanted sample, and therefore no conclusions can be extracted in this range for this 
sample. For the sample Ti implanted the sheet photoconductance values are measurable up to 
around 850 nm.  

 

Figure S1. Photogenerated voltage from the measurement with the van der Pauw set up of the spectral sheet 
photoconductance of the sample unimplanted and PLM processed and the a sample Ti implanted (8×1014 cm-2) and 
PLM processed, i.e. the same samples shown in Fig. 5.a. 

Figure S2 shows the phase obtained by the lock-in amplifier in the measurement of the 
spectral sheet photoconductance shown in Fig. 5.a. There is a 40˚ abrupt increase at about 550 
nm. This would mean different conduction mechanisms at energies above and below the GaP 
bandgap, supporting the hypothesis of conduction by different energy bands. 
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Figure S2. Phase obtained by the lock-in amplifier in the measurement of the spectral sheet photoconductance 
shown in Fig. 5.a. 

 Figure S3 shows the analysis for the rest of the samples shown in Fig. 5.a for the 
different transitions, following Eq. 1. The values extracted from this analysis are the ones 
shown in Table 1 of the main text. 

 

 

Figure S3. Fittings of the spectral sheet photoconductance data for the rest of the samples shown in Fig. 5.a to Eq. 
1. The direct transition fittings corresponds to the right axis while the indirect transitions fittings correspond to the 
left axis. 
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