
 

 

Abstract—We have investigated the pulse laser melting (PLM) 

effects on single crystal GaP. The samples have been studied by 

means of Raman spectroscopy, glancing incidence X-ray 

diffraction (GIRXD), van der Pauw and Hall effect 

measurements.  After PLM process, the Raman spectra of 

samples annealed with the highest energy density show a 

forbidden TO vibrational mode of GaP. This suggests the 

formation of crystalline domains with a different orientation in 

the GaP PLM region regarding to the GaP unannealed region. 

This behavior has been corroborated by glancing incidence x-ray 

diffraction measurements. A slightly increase in the sheet 

resistivity and a suppression of the mobility in PLM samples have 

been observed in all the measured temperature range. Such 

annealing effects are a cause of great concern for intermediate 

band (IB) materials formation where PLM processes are required 

first, to recovery the lattice crystallinity after high dose ion 

implantation processes and second, to avoid impurities 

outdiffusion when the solid solubility limit is exceeded. 

 

I. INTRODUCTION 

 

During last years many efforts have been carried out to 

increase the efficiency in solar cells based on single crystal 

semiconductors. In 1997, a theoretical paper showed that the 

introduction in a host semiconductor of a so called 

intermediate band (IB) could enhance drastically the efficiency 

in single junction solar cells [1]. Since then, further papers 

describing the properties of such IB have been reported [2,3].  

The main feature of an IB material is a new band localized 

between the conventional valence band (VB) and the 

conduction band (CB) of the semiconductor. The advantage of 

this new band is that electrons of energy below the band gap 

can be promoted from VB into CB by means of two sub-band 

gap photon absorption of lower energy using the IB like an 

intermediary.  

The IB obtaining has been theoretically proposed and 

experimentally certified in quantum dots (QD) based devices 

[4]. Actually many efforts have been realized to improve this 

QD materials that led to obtain an optimal efficiency [5]. 

Regarding single crystal semiconductors, the solar energy 

materials research group of the Lawrence Berkeley National 

Laboratory has showed the formation of an IB in different 

diluted semiconductors such as GaInNAs [6], ZnMnOTe [7] 

and GaNAsP [8]. 

Theoretical calculations point to GaP as one of the most 

promising materials for the formation of an IB by means of the 

introduction of deep levels in concentrations above the Mott 

limit [2], that is usually well above the solubility limit [9-11]. 

 In most cases, the high concentration of impurities required 

for the IB formation exceeds the solid solubility limit of 

impurities in the bulk semiconductor.  Whereas most doping 

techniques do not allow reaching the impurity concentration 

needed for the IB formation, ion implantation is a powerful 

technique that permits the controlled introduction of a high 

impurity concentration into the bulk semiconductor above the 

mentioned solubility limit [12]. However, the ion implantation 

damages the crystalline lattice of the host semiconductor, thus 

thermal annealing treatments are required in order to recover 

the crystallinity. Given that annealing processes under 

equilibrium conditions could produce impurity out-diffusion 

from the semiconductor, non equilibrium annealing processes 

like pulsed laser melting (PLM) are necessary. In this way, the 

PLM process is revealed like a technological key to obtain an 

IB in bulk semiconductors. The effect of the PLM process on 

III-V semiconductors has been reported [8,13,14]. As far we 

are concerned no such study has been carried out on GaP.  

In this work, we present an optical, structural and electrical 

study of the PLM effects on GaP physical properties. We 

observe clearly forbidden vibrational modes by means of 

Raman Spectroscopy.  We have carried out also Glancing 

Incidence X-ray diffraction (GIRXD) corroborating this 

behavior. We have investigated the electrical properties of 

these samples showing an increase of the sheet resistivity and a 

suppression of the mobility. 

 

II. EXPERIMENTAL 

 

The samples used in this study were undoped (LEC) (100) 

GaP wafers  with a thickness of 500 µm and a resistivity at 

room temperature of ρ=0.3 Ω.cm. The samples were annealed 

at J.P. Sercel Associates, Inc. (New Hampshire, USA) with a 

KrF excimer laser (λ=248 nm) at energy densities from 0.2 to 

1.2 J/cm
2
 , with a single 20 ns pulse. For this wavelenght the 
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annealed region depth in GaP is  about of  tens of nanometers 

[12]. 

The Raman  spectra were carried out with a  Jobin-Yvon 

T64000 triple-grating spectrometer equiped with a coupled 

charge detector cooled with liquid nitrogen. All the spectra 

have been acquired in unpolarized backscattering 

configuration on a (100) face. The 325 nm line of an He-Cd  

laser was used for excitation. For this wavelenght, taking into 

account the corresponding absorption coefficient of GaP [15], 

we estimate that the Raman signal originates from a surface 

layer thickness of about 10 nm, which is smaller than the depth 

of the PLM region. 

X-ray difracction (XRD) was performed to study the 

crystallinity of the PLM region  using a analytical X’Pert PRO 

MRD diffractometer with Cu Kα radiation in glancing 

incidence configuration (GIXRD). This technique provides 

depth-resolved information about the crystal structure by 

means of the incidence angle of the x-ray source and permits 

us to probe a depth of tens of nanometers [16], about the same 

thickness order of the PLM layer.  Previous to GIRXD 

measurements, θ-2θ scans were performed to obtain the same 

orientation sample reference to asses the same sample 

measurements conditions.  

GaP samples were electrically characterized by Hall effect 

measurements in the van der Pauw configuration at variable 

temperature using a Keithley SCS 4200 model, setting the 

sample inside a homemade variable temperature sample holder 

attached to a vacuum pump to avoid moisture condensation. 

Temperature varied between 90 and 380 K. A Kepco BOP 50-

20MG bipolar power supply fed the electro-magnet, reducing 

the thermo-galvanic-magnetic effects by changing the 

magnetic flux direction. 

The GaP metal contacts for electrical measurements were 

made in a Pfeiffer Classic 250 evaporator model. A multilayer 

metalization scheme: Ni (50 nm) layer,  Au/Ge(88:12 in 

weight)  layer (200 nm) were carried out in order to obtain 

ohmic contacts  in the n-type GaP substrate. Finally, whereas 

for the PLM samples no additional step has been required to 

achieve ohmic contacs, for the unannealed GaP reference 

sample, a rapid thermal annealing (RTA) at 500 ºC for  30 s 

has been necessary. 

III. RESULTS 

 

Fig. 1 shows the unpolarized Raman spectra of GaP samples 

annealed at different PLM energy densities (0.2, 0.7 and 1.2  

J/cm
2
). We also show the spectrum of the unannealed GaP 

substrate. According to the selection rules for the zinc-blende 

structure only the longitudinal optical (LO) mode is allowed in 

the backscattering configuration from the (100) face. The 

Raman spectrum of the as-grown sample is dominated by the 

peak at 405 cm
-1

 which is assigned to the LO mode [17]. 

Whereas the LO mode of the sample annealed at 0.2 J/cm
2 

shows only a slight intensity decrease, the Raman spectra of 

the samples annealed at energy densities higher than 0.7 J/cm
2
 

are substantially altered, as it displays a strong transversal 

optical (TO) peak at 367 cm
-1 

which is forbidden in this 

scattering geometry. The observation of a forbidden TO mode 

in the Raman spectra suggests that the PLM process gives rise 

to the formation of a GaP layer with disoriented domains, 

typical of  polycrystalline material. A similar behavior has 

been observed previously in ion implanted InP epilayers, after 

annealing [13].  

Whereas there is no appreciable differences in the LO peak 

width between the unannealed sample and the sample annealed 

at 0.2 J/cm
2
, the LO peak of the sample annealed at 0.7 J/cm

2 
is 

broadened to lower frequencies. This increase in the width of 

the LO peak together with the presence of a forbidden TO 

peak, broadened both to downward frequency indicates a 

reduction in the crystalline quality, probably induced by the 

presence of defects of the boundary domains of the different 

orientations. This poor lattice crystallinity suggests that the 

decrease of the LO-mode intensity of this sample can not only 

explained in terms of a decrease in the scattering volume of 

(100) oriented regions and the consequent increase of the TO 

mode intensity contributions of the disoriented regions.  

Since in the spectrum of the sample annealed at 0.2 J/cm
2 

there is only slightly decreased in the intensity of the LO 

mode, and there is not an appreciable broad peak differences, 

we can conclude that the PLM process at this energy does not 

produce a substantial structural change.  

Conversely, the sample annealed at 0.7 J/cm
2
 presented a 

forbidden peak which is likely due to disoriented domains. 

Finally, when the PLM energy density was increased up to 1.2 

J/cm
2
 ,

 
the TO and LO vibrational modes still persisted but 

they were slightly narrowed and more intense suggesting a 

certain crystalline improvement relative to the sample 

annealed at 0.7 J/cm
2
. 

In the inset of Fig. 1, another key parameter is plotted: the 

frequency of the LO mode for the different annealed GaP 

samples. It is worth highlighting that the samples annealed 

with an energy density of 0.7 and 1.2 J/cm
2
 present a shift in 

the peak of the LO mode to downward frequency of about 3 

cm
-1

. This shift has been observed repetitively in different GaP 

samples annealed in the same conditions and is a clearly 

indicative of strain presence in these samples that could be 

related with the boundary crystalline domain formation or with 
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Fig. 1.  Room-temperature Raman spectra of a LEC-grown GaP annealed at

different energy densities. 
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the presence of defects. The clear structural differences 

between the sample annealed at the lowest density of energy 

(0.2 J/cm
2
) and the samples annealed at the highest energy 

densities  (0.7 and 1.2 J/cm
2
) seems to point out that the GaP 

melting has been taken place in these latest. Therefore, laser 

annealing would produce the GaP melting in the samples 

annealed from 0.7 J/cm
2
, where the structural changes are 

observed. The forbidden TO mode feature observation, 

attributed to the formation of different orientated domains, 

would be due to a  hastied recrystallization as temperature is 

fast decreased from GaP melt point after PLM. Another 

explanation could be related with a superficial GaP 

decomposition, where a high density of point defects related to 

P vacancies could be created and could generate a GaP 

regrowth layer with disorientated domains. 

 

The crystalline structure of the samples has been also 

characterized by means of GIXRD.  Fig. 2 shows the GIXRD 

measurements acquired with a ϕ=0.4º glancing angle for the 

laser annealed layers at 0.2, 0.7 and 1.2 J/cm
2
. Unannealed 

GaP sample measurement has been also included for 

comparative purposes. All these measurements have been 

carried out at the same glancing incidence angle and the same 

sample orientation. No peaks have been observed in the 

unannealed GaP diffraction pattern neither in the sample 

annealed with the lowest density energy (0.2 J/cm
2
).   

This result shows that the annealing at 0.2 J/cm
2 

does not 

produce any significant effect in the GaP lattice structure. 

However, the XRD patterns of the samples annealed at 0.7 and 

1.2 J/cm
2
 present a new peak attributed to the (110) reflection 

of GaP. This peak is due to different orientated domains from 

the GaP unannealed region.  The higher intensity and narrower 

width of this peak in the sample annealed at the highest density 

energy (1.2 J/cm
2
) with regard to the sample annealed at 0.7 

J/cm
2
, could indicate

 
a decrease in effective area of defects, 

thus an increase in the size of different disorientated crystalline 

domains. All these results are in full agreement with the results 

obtained by Raman spectroscopy.  

 

Fig. 3 shows the sheet resistance as a function of temperature 

for PLM GaP at 0.7 and 1.2 J/cm
2
. The sheet resistance of as-

grown GaP substrate is also plotted for comparison purposes. 

As can be seen, the sheet resistance of the PLM samples is 

higher than the sheet resistance of the unannealed GaP. This 

effect increases as the PLM energy density decreases. These 

results can be explained in terms of the polycrystallinity of the 

annealed sample and of the poorer crystallinity in the case of 

sample annealed at 0.7 J/cm
2
.  The sample annealed at 0.2 

J/cm
2
 has not been possible to measure. This seems to be in 

agreement with the fact that unannealed sample only has been 

possible to measure after a RTA at 500 ºC during 30 s, so the 

annealing at 0.2 J/cm
2
 has not introduced a significant change 

in the crystalline structure.   

Differences in the sheet resistance between two different 

van der Pauw configurations that could not be explained by 

means of a geometry factor, has been observed in the annealed 

samples at 0.7 and 1.2 J/cm
2
 , but not in the unannealed 

sample. This could reflect a certain crystal anisotropy caused 

by the disoriented domains formation in the samples were the 

melt of the annealed layer has been taken place. 

Fig. 4 shows the Hall mobility measurements of the 

unannealed and PLM samples. Whereas the Hall mobility in 

the unannealed sample has the typical behavior associated with 

phonon scattering, the Hall mobility in annealed samples is 

essentially zero. This indicates that the polycrystalline surface 

layer induced by PLM produces a strong undesirable effect in 

the GaP electrical properties. 

 

IV. CONCLUSION 

 

Summarizing, the observation of forbidden vibrational 

Raman modes in PLM samples indicates polycrystalline 

surface layer formation. These additional forbidden peaks are 

not clearly visible until PLM density energy of 0.7 J/cm
2
 is 

reached, suggesting that is the minimum density energy to 

produce the GaP melt. 
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Fig. 2  GIXRD patterns for an unannealed GaP substrate and for  GaP

samples annealed at 0.2 , 0.7 and 1.2 J/cm2 . All these measurements

were taken at glancing angle of  ϕ=0.4º.  
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GIRXD measurements, in agreement with the Raman 

spectroscopy results, show disorientated crystalline domains 

after annealing at the highest energy densities. Electrical 

characterization shows an increase of the sheet resistance as 

annealing density energy density is increased, and a 

suppression of the mobility in all the annealed samples 

measured. These effects constitute a handicap for achieving IB 

formation in GaP by means of ion implantation and subsequent 

PLM processing, and indicate that further work is still needed. 
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