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Photoluminescence (PL), contactless electroreflectance (CER), and Raman scattering measurements have 
been used to study the structural properties of Ho-doped InGaAsP epilayers. Both the full width at half 
maximum (FWHM) of PL and the broadening parameter of CER are decreased as the doping amount of 
Ho element increases. This indicates that Ho doping greatly reduces the residual impurities and improve 
the quality of epilayers. The Raman spectra of Ho-doped InGaAsP epilayers are found to have asym-
metric line shapes. Using a spatial correlation model, it is found the asymmetric broadening of the Raman 
signal is not influenced by the Ho doping. We hence conclude that the introduction of the Ho element can 
greatly reduce the residual impurities of LPE-grown layers, but no large amounts of Ho element are being 
incorporated into the epilayers during the purification.  

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

Recently, doping of III–V compound semiconductors with rare-earth elements is a field of great interest 
due to its potential application in optoelectronic devices [1–7]. The intracenter transitions of 4f shells of 
rare-earth elements give rise to sharp luminescence, which would play an active role in the emission 
devices. A major advantage of the rare-earth doping in III–V semiconductors is that the 4f emission is 
independent of the band-gap energy of the host crystal, so that its emission wavelength is insensitive to 
the crystal field and temperature. In addition, the rare-earth elements can act as getting agents to signifi-
cantly reduce the residual impurities and increase the carrier mobility in the liquid phase epitaxy (LPE) 
growth [3–7]. During LPE growth, the rare-earth elements form stable compounds with residual impuri-
ties caused by chemical reactions, leading to the purification of the semiconductor layers. To date, most 
studies on this method of purification have focused on the gettering ability of impurities due to the pres-
ence of rare-earth elements [3–7]. The effects of rare-earth doping on the fundamental properties of the 
semiconductors are, to our knowledge, rather limited. An understanding of the fundamental properties of 
the rare-earth-doped semiconductors is important not only for improving the crystal growth but also 
extending its application to electronic and optical devices.  
 One interesting topic regarding the purification with rare-earth doping is whether the rare-earth ele-
ments are incorporated into the epilayers during purification [8]. The incorporation of the rare earth ele-
ments into the semiconductor epilayers has been demonstrated [9–11]. However, recent studies reported 
that the resultant compound, which consist of rare-earth elements and impurities are insoluble in the 
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liquid phase and do not enter into the solid phase after purification; i.e., the rare-earth elements are not 
incorporated into the host lattice after the rare-earth-doping [12–14]. Raman spectrum provides an effec-
tive way to resolve this problem. If the resultant compounds are captured by the solid phase, the grown 
epilayers should generate stress or produce potential fluctuation. The stress in the grown layers can be 
detected from the Raman shift, while the potential fluctuations due to imperfections can relax the Raman 
selection rule, leading to the broadening and asymmetry of the Raman line shape [15]. Therefore, Raman 
scattering can be an effective technique to investigate the microscopic variation of the rare-earth doped 
semiconductors. 
 In this work, we present the influence of Ho doping on the structural properties of quaternary In-
GaAsP layers using photoluminescence (PL), contactless electroreflectance (CER), and Raman scatter-
ing. According to the reduction of the full width at half maximum (FWHM) of PL peak and the broaden-
ing parameter of CER, the concentration of residual impurities are found to decrease greatly in the Ho-
doped InGaAsP epilayers. Based on a spatial correlation model, the line shapes of Raman scattering were 
analyzed. This result suggests that no large amounts of Ho element are being incorporated into the epi-
layers during the purification.  

2 Experiment 

Ho doped InGaAsP layers studied in this work were grown by LPE on (100) orient InP:Fe substrate. 
After cleaning, the LPE system was heated at 670 ℃ for one hour to homogenize the melt completely. 
The temperature was then lowered to 650 ℃ at a rate of 0.5 ℃/min for 0.2 hours to grow an InP buffer 
layer on substrate. Next, the InGaAsP layer was grown at 640 ℃ follow by cooling at 0.3 ℃/min for 
15 min. During growth, the system was flushed with purified hydrogen to maintain atmospheric pressure. 
After growth, the melt was slid away from the substrate and the graphite boat was rapidly cooled to room 
temperature to avoid thermal damage of the grown layer. Table I lists the amounts of Ho elements doped 
into the growth solutions.  
 The samples were mounted on the cold finger of a closed-cycle helium cryostat and characterized by 
PL and CER. The PL was measured using a focused Ar ion laser as the excitation source and analyzed 
with a Jobin–Yvon spectrometer. A germanium photodetector was used to read PL signals. Raman 
measurements were performed at room temperature in the backscattering. The scattered photons were 
dispersed by spectrometer and detected with a photon-counting system. In the CER measurements, a 
condenser-like system consisting of a transparent conducting coating on a transparent substrate was used 
as the front electrode and a metal strip was used as the second electrode. The a.c. modulating voltage of 
500 V at 200 Hz is applied between the metal strip and the transparent electrode. The light from a tung-
sten-halogen lamp was dispersed through a monochromator and focus on the sample. The reflected light 
was detected by an InGaAs detector.  

3 Results and discussion 

Figure 1 shows the PL spectra of the InGaAsP epitaxial layers with various amount of Ho doping. The 
amount of Ho elements is: (a) undoped (b) 0.017 wt% (c) 0.075 wt% (d) 0.110 wt% (e) 0.150 wt%. The 
PL studies of rare-earth doped InGaAsP epilayer have been studied previously [12, 14, 16]. According to 
the previous results, the main peak in Fig. 1 can be assigned as the band-to-band transition [12, 14, 16]. 
Basically, the FWHM of PL in Ho-doped InGaAsP is reduced with increasing the amount of Ho ele-
ments. In Fig. 1, we do not find any peak appears in the wavelength range up to 1700 nm; as a result, 
there is no spectral feature attributed to the intra-4f-subsell transitions of the Ho ions. This indicates that 
no appreciable amount of Ho element was introduced into the InGaAsP layers. It is noteworthy to point 
out that the peak energy of the PL changes slightly after the Ho doping, as listed in Table 1. This change 
may be explained by the formation of microparticles of the Ho compounds, which will cause a 
smallchange in the solid composition of InGaAsP layers [3, 9]. The compositional change of the  
InGaAsP layers thus leads to a change of the energy band gap.  
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 The FWHM of PL signals as a function of Ho amount are listed in the Table 1 and shown in Fig. 2. As 
the amount of Ho element is 0.110 wt% the FWHM has a minimum value of 7.9 meV, which is smaller 
by about 46% than that of the undoped InGaAsP. Since the FWHM of PL is related to the presence of 
residual impurities, the narrowing effect due to Ho doping indicates that the Ho doping to InGaAsP lay-
ers can greatly reduce the residual impurities and improve the quality of InGaAsP layers. The improve-
ment of sample quality due to rare-earth doping can be further supported by measuring Hall mobility. 
Table 1 lists the mobility of the InGaAsP epilayers with various amount of Ho doping. We clearly see 
that the mobility of the InGaAsP epilayers increases with Ho doping. The increased mobility is due to 
the removal of unwanted impurity and hence the reduction of impurity scattering centers [4, 6]. As the 
doping amount of Ho element is increased above 0.110 wt%, the FWHM of photoluminescence peak 
become much broader than that with low amount of Ho doping. This broadening effect could be ex-
plained by the fact that too many Ho elements may cause a large lattice mismatch or strain which will 
result in additional dislocations or defects in the epilayers [12].  
 Figures 3a–e show the 14 K measured CER spectra (solid curves) from InGaAsP layers with various 
amount of Ho doping: (a) undoped (b) 0.017 wt% (c) 0.075 wt% (d) 0.110 wt% (e) 0.150 wt%. The CER 
lineshapes in Fig. 3 display a single feature although there is a change in phase between Fig. 3a and 
Figs. 3b–e. The phase shift in electroreflectance could be due to the inhomogenous perturbation [17], 
resulting from the inhomogenous surface electric field influenced by the ionized impurities [18]. Since 
the undoped InGaAsP layer contains more residual donors (impurities), its CER lineshape can be differ-
ent from the CER lineshape of Ho-doped InGaAsP layers. These measured CER data were analyzed 
using the third derivative functional fit (TDFF) model [19], given as: 

 ΔR/R = Re [C exp (iθ) (E – E0 + iΓ)–m ] ,   (1) 

where E is the incident photon energy, E0 is the interband transition energy, Γ is the broadening parame-
ter, C and θ are the amplitude and phase, respectively, and m is a number associated with the dimension 
 

Table 1 Values of mobility, PL peak position, PL FWHM, asymmetric ratio of Raman scattering, and 
correlation length of InGaAsP layers with various amount of Ho elements.  

PL Raman scattering InGaAsP 
Ho-doped 
(wt%) 

mobility  
(cm2/V s) 

peak position 
(eV) 

FWHM  
(meV) 

asymmetric  
ratio (Γa/Γb) 

correlation length 
L (Å) 

undoped  2930 1.1405 14.80 1.68 27 
0.017  13962 1.1404  9.87 1.7 25 
0.074 14250 1.1411  8.02 1.65 28 
0.110  14824 1.1405  7.93 1.68 27 
0.150 13344 1.1408 13.02 1.68 27 

Fig. 1 12 K PL spectra of InGaAsP epilayers as a function of doping amount of the 
Ho elements: a) undoped b) 0.017 wt% c) 0.075 wt% d) 0.110 wt% e) 0.150 wt%. 
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ality of the critical point and is 2.5 for the band-to-band transition of bulk materials. The open circles in 
Fig. 3 show fits to the TDFF model for a three-dimensional critical point. All the fitting parameters are 
listed in Table 2. The interband transition energies E0 in CER are not totally correlated with the peak 
positions in PL. This could be due to the impurity effects in electroreflectance modulation spectroscopy. 
Under the applied electric field, several effects, such as impact ionization, back-surface reflection, elec-
tro-absorption effect related to the Urbach tail, may affect the interband transition energy in CER [18]. 
However, the exact origin leading to the discrepancy between PL peak position and E0 in CER is still not 
clear. The broadening parameters of the CER spectra shown in Fig. 3 as a function of the amount of Ho 
are listed and shown in Table 1 and Fig. 2, respectively. Like the PL in Fig. 1, the broadening parameter 
of CER decreases as the doping amount of Ho element increases. The narrowing effect of the broadening 
parameter supports our previous argument that the Ho doping can reduces the residual impurities and 
improve the sample quality.  
 Incorporation of the rare earth elements into the semiconductor epilayer has also been demonstrated 
recently [9–11]. However, it has been reported that the rare-earth elements are not incorporated into the 
host lattice after the rare-earth-doped process; i.e., the LPE melt is doped with rare earth elements, but 
the grown epilayer is not [12–14]. In order to clarify the purification mechanism using the Ho-doping, 
the Raman scattering measurements were performed. If the rare-earth compounds, originates from the 
reaction of the rare-earth elements and impurities, are captured by the epilayers, the grown layers should 
exhibit a change in their microscopic structure. It is known that the peak position of Raman signal is  
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Fig. 2 FWHM of PL and broadening parameter of CER as a 
function of doping amount of the Ho elements. The solid lines 
are guides for the eye. 

Fig. 3 (online colour at: www.interscience.wiley.com) 14 K CER 
spectra of InGaAsP epilayers as a function of doping amount of the 
Ho elements: a) undoped b) 0.017 wt% c) 0.075 wt% d) 0.110 wt% 
e) 0.150 wt%. The open circles are fits to a TDFF model for a 
three-dimensional critical point.  
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Table 2 Values of amplitude, interband transition, broadening parameter, phase, dimensionality in the 
fitting of CER lineshapes. 

InGaAsP 
Ho-doped 
(wt%) 

C 
(a.u.) 

E0 
(eV) 

broadening  
parameter 
(meV) 

phaseθ  m 

 

undoped 3.648 × 105 1.145 22 128.6 2.5 
0.017  4.662 × 105 1.138  9 245.0 2.5 
0.074 2.659 × 105 1.140  7 223.2 2.5 
0.110  2.089 × 105 1.138 10 236.9 2.5 
0.150 2.120 × 105 1.141 12 275.3 2.5 

 
 

related to the stress change, while the lineshape of Raman signal is associated with the structural imper-
fections [15, 20, 21]. Raman scattering can thus be a powerful technique to investigate the microscopic 
nature of the Ho-doped epilayers. Figure 4 displays the Raman spectra with various amounts of Ho ele-
ments into InGaAsP layer: (a) undoped, (b) 0.017 wt% (c) 0.075 wt% (d) 0.110 (e) 0.150 wt%. The Ra-
man signal peaked at 226 cm–1 in Fig. 4 is attributed to the InAs-like LO mode [20–21]. The same peak 
position of Raman signal in Figs. 4a–e indicates that no strain occurs after Ho doping. The Raman peaks 
in Fig. 4 have an asymmetric line shape, which can be analyzed by a spatial correlation (SC) model. 
According to the SC model, the spatial correlation function of the phonon for a pure compound semicon-
ductor is infinite and the phonon eigenstates are plane waves. These lead to the usual q = 0 momentum 
selection rule of Raman scattering and the Raman spectrum shows a symmetric Lorentzian profile 
(Γa = Γb, where Γa (Γb) represents the low-energy (high-energy) half width of half maximum). The alloy-
ing or any imperfection in semiconductors may destroy the configurational symmetry and break down 
the q = 0 momentum selection rule. The spatial correlation function of phonon hence become finite and 
the Raman spectrum reveals an asymmetric line shape (Γa > Γb). Based on the SC model, we analyze the 
Raman spectrum in Fig. 4 with a correlation function in a Gaussian form, exp (－2r2/L2), where L is the 
phonon correlation length. The Raman intensity at a frequency ω  is given by a Lorentzian function 
modified by Gaussian distribution: [20, 21] 
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Fig. 4 (online colour at: www.interscience.wiley.com) 
The Raman spectra of InGaAsP epilayers as a function of 
doping amount of the Ho elements: a) undoped b) 0.017 
wt% c) 0.075 wt% d) 0.110 wt% e) 0.150 wt%. 
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where q is the reduced wave vector in the unit of 2 /aπ , a  is the lattice constant of InAs, and 0Γ  
(=10 cm－1 for the InAs-like mode) is the intrinsic linewidth of phonon mode. As for the dispersion 
( )qω  of the LO phonon, an analytical formula based on a one-dimensional linear-chain model has been 

used:  

  ( ) ( ){ }2 2 1 cosq A A B aqω = + − − ,  (3) 

where we take 4 22.59 10 cmA −

= × and 8 43.58 10 cmB −

= ×
 for the InAs mode [22]. Eqs. (1) and (2) 

show that if L is finite, the q selection rule may relax, and additional transitions by phonon with lower 
energy at q ≠ 0 may occur, which lead to the asymmetric broadening of the Raman lineshape. The dotted 
curves in Fig. 4 show the calculated results of the Ho-doped InGaAsP layers, which are in good agree-
ment with experiments. From Fig. 4, the asymmetric ratio (Γa/Γb) can be evaluated from the lineshape 
fitting and are listed in the Table 1. It is found the asymmetric ratio (Γa/Γb) as a function of Ho amounts 
are almost unchanged (~1.68). This implies that the alloy disorder or the structural imperfection in In-
GaAsP layers is not influenced by Ho doping. The correlation lengths L, which is fitted from the calcula-
tion, are also evaluated from Fig. 4 and listed in the Table 1. It is found L values are all about 27 Å for 
the undoped and Ho-doped samples. Since L can be viewed as the average distance between two 
imperfections, the same L values also implies that no structural variance occurs after the Ho doping. 
What we have observed from Raman scattering suggests that the rare-earth elements do not incorporate 
into the LPE-grown epilayers, although they can reduce the residual impurities. 

4 Conclusion 

In summary, optical properties of the Ho-doped InGaAsP epilayers were studied using PL, CER, and 
Raman techniques. The FWHM of PL and broadening parameter of CER have been found to decrease 
with increasing Ho doping, indicating Ho doping greatly reduces the residual impurities and improves 
the quality of LPE-grown epilayers. The Raman line shapes of Ho-doped InGaAsP epilayers are asym-
metric. Based on the spatial correlation model, it is found the asymmetric ratio and correlation length of 
the Raman signals for InGaAsP epilayers are not influenced by the Ho doping. This result suggests that 
no large amounts of Ho element are being incorporated into the epilayers during purification although 
the residual impurities can be greatly reduced.  
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