
HAL Id: hal-02182870
https://hal.science/hal-02182870

Submitted on 13 Jul 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Nanoscale analysis of electrical junctions in InGaP
nanowires grown by template-assisted selective epitaxy

V. Piazza, S. Wirths, N. Bologna, A. Ahmed, F. Bayle, H. Schmid, F. Julien,
Maria Tchernycheva

To cite this version:
V. Piazza, S. Wirths, N. Bologna, A. Ahmed, F. Bayle, et al.. Nanoscale analysis of electrical junctions
in InGaP nanowires grown by template-assisted selective epitaxy. Applied Physics Letters, 2019, 114
(10), pp.103101. �10.1063/1.5085405�. �hal-02182870�

https://hal.science/hal-02182870
https://hal.archives-ouvertes.fr


1	
	

Nanoscale Analysis of Electrical Junctions in InGaP Nanowires 
Grown by Template-Assisted Selective Epitaxy 
 

V. Piazza1*, S. Wirths2, N. Bologna2,3, A. A. Ahmed1, F. Bayle1, H. 
Schmid2, F. Julien1, M. Tchernycheva1 

 

1 Centre de Nanosciences et de Nanotechnologies (C2N), UMR 9001 CNRS, Univ. Paris Sud,  Univ. Paris-
Saclay, 8 Avenue de la Vauve, 91120 Palaiseau, France 
2 IBM Research − Zurich, Säumerstrasse 4, 8803 Rüschlikon, Switzerland 
3 Electron Microscopy Center, EMPA, Swiss Federal Laboratories for Materials Science and Technology, 
8600 Dübendorf, Switzerland 
 
*Electronic email: valerio.piazza@u-psud.fr 

 

We report the analysis of the electrical properties of Inx-1GaxP nanowires (NWs) grown by template-
assisted selective epitaxy (TASE). The individual NW properties are investigated by means of 
electron beam induced current microscopy (EBIC) and current-voltage curves acquired on single 
nano-objects. First, a set of samples containing n-doped InGaP NWs grown on a p-doped Si 
substrate are investigated. The electrical activity of the hetero-junction between the NWs and the 
substrate is demonstrated and the material parameters are analyzed, namely the n-doping level is 
determined in relation with the dopant flow used during the growth. These results were used to 
design and elaborate InGaP NWs containing a p-n homo-junction. The electrical activity of the 
homo-junction is evidenced using EBIC mapping on single NWs and material parameters (namely, 
the doping and the minority carrier diffusion lengths) for the p- and n-doped InGaP segments are 
estimated. Finally, the first proof of a photovoltaic effect from the NW homo-junctions is obtained 
by photocurrent measurements of a contacted NW array under white light irradiation. 

 
Multi-junction solar cells represent one possible solution to overcome the Shockley-Queisser thermodynamic limit. 

In these devices, different materials absorbing in different spectral ranges are stacked, thus decreasing transmission 
and thermalization losses1–3. This approach led to the fabrication of three- and four-junction solar cells holding the 
actual photovoltaic conversion efficiency record of 44.7% and 46.1%2,4,5. Nevertheless, the spreading of multi-
junction solar cells in the market is hindered by their high costs due to the use of expensive III-V materials and costly 
substrates.  

Nanowire-based tandem solar cells have been proposed to address the aforementioned issues thanks to the reduced 
amount of III-V material needed for efficient absorption and the possibility to grow them epitaxially on low-cost Si 
substrates. It has been demonstrated that nanowires (NWs) offer the possibility to obtain a high-quality material on 
lattice-mismatched substrates due to the stress relaxation through the lateral surface6. Furthermore, the optical 
absorption in NWs is enhanced due to their small reflectance and enhanced light diffusion in the NW array7,8. Based 
on these advantages, a two-junction NW on Si tandem solar cell has been proposed9. It has been shown that an 
efficiency around 40% under concentration can be achieved for the optimal top cell band gap of 1.7 eV9,10. This 
bandgap value can be reached using III-V ternary alloys. Therefore, the growth of ternary III-V NWs on Si is of great 
interest in view of fabricating III/V on Si tandem solar cells. 

Recently, the template-assisted selective epitaxy (TASE) technique has been proposed as a method to 
monolithically grow III-V NWs on Si(100)11 and (111)12,13. TASE enables the growth of nanostructures inside a SiO2 
nanotube template, which imposes the NW positions, diameters and verticality, resulting in a better-controlled process 
than other NW elaboration techniques. In addition, without the presence of a catalyst particle to promote the 1D 
growth, abrupt heterostructures can be formed and parasitic radial growth phenomena are suppressed14. The use of 
TASE has been recently extended to the growth of ternary InGaP NWs and the effect of p- and n-dopants on the crystal 
structure, composition of the alloy and optical properties has been investigated15. In the present work, we report the 
first investigation of the electrical properties at the nanoscale of these InGaP NWs by electron beam induced current 
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microscopy (EBIC) and I(V) measurements performed on single nanostructures. Two different sets of samples were 
analyzed: the first contains homogeneously n-doped InGaP NWs to examine the n-doping using a heterojunction with 
the p-Si substrate, while the second consists of InGaP NWs containing a p-n homo-junction and aims to study the 
nanoscale charge collection properties of these structures.  

The investigated samples were grown by metal-organic chemical vapor deposition (MOCVD) on a p++-doped 
Si(111) substrate using TASE approach with a SiO2 tube template11,16. Inx-1GaxP (with a nominal composition x=0.3) 
NWs were grown at 650°C and 60 Torr, using trimethylindium (TMIn), trimethylgallium (TMGa), 
tertiarybutylphosphine (TBP), and diethylzinc (DEZn) and disilane (Si2H6) as dopants. The V/III molar ratio was fixed 
to 32, and TMGa/(TMGa+TMIn) to 0.43. For n-type doping, Si molar ratio (Si/TMIn+TMGa) was varied from 2.5x10-

4 to 2.4x10-3 sccm (indicated as Si2H6 flow from 0.25 to 2.4 in the following). For the p-type doping, the 
(DEZn/TMIn+TMGa) ratio was set to 1.6. A thorough structural and compositional characterization can be found in 
ref.15. 

Single NWs are investigated by EBIC microscopy to visualize the electrical activity of the junction. The EBIC 
setup consists of a Hitachi SU-8000 SEM where Kleindiek PS4 nano-manipulators equipped with 100 nm radius 
tungsten tips ensure the electrical contact to single nanostructures. In EBIC microscopy electron–hole pairs are locally 
generated by the electron beam. The excess charges created close to internal field regions can be separated and 
collected producing a measurable current17–19. EBIC measurements were performed at 10 kV acceleration voltage and 
131 pA injected current applying a bias ranging from -4 V to +4 V through a Stanford SR560 preamplifier controlled 
by a Gatan DigiScan system. More details about the set-up can be found in 19,20. I(V) measurements were performed 
on single NWs by a Keithley 2636 source-meter with a noise below 0.3 pA. For all the reported measurements, the 
top of the NWs was connected to the negative pole of the source-meter while the Si substrate was connected to the 
positive pole.  

 

 
Fig.	1	a)	Schematic	of	the	n-InGaP/p++-Si	NWs;	b)	SE	image	of	a	single	NW	overlapped	with	the	corresponding	EBIC	signal	at	Vbias	
=	-3	V	(temperature	color	current	scale	is	reported	in	the	inset);	the	scale	bar	corresponds	to	250	nm.	c)	EBIC	profile	(black	cure)	
extracted	along	the	NW	axis	in	panel	(b)	and	corresponding	SE	profile	(blue	curve);	d)	Single	NW	I(V)	and	J(V)	characteristics	in	
dark	in	semi-logarithmic	scale	(black	curve)	and	the	corresponding	fitting	with	a	single	diode	model	(red	dots).	 

 
First, the NWs containing an n-doped InGaP segment on top of a p++-Si wafer were investigated (Fig. 1a). The 

EBIC maps on single NWs show that the p++-Si/ n-InGaP interface is electrically active under reverse bias (Fig. 1b). 
In these conditions, a localized negative induced current is collected coherently with the direction of the field in the 
p-n hetero-junction. As expected, no signal is detected when a forward bias is applied.  

The different secondary electron (SE) contrast of the InGaP and Si segments shown in Figure 1b (respectively 
darker and brighter) allows to estimate the length of the n-InGaP segment. By plotting the SE contrast profile along 
the axis of the NW (blue curve in Fig.1b), this segment is estimated around 580±50 nm. This position coincides with 
the position of the peak in the collected induced current (black curve in Fig.1c) proving the electrical activity of this 
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interface. The electrical behavior of single NWs is also investigated by measuring the I(V) characteristics (Fig. 1d). 
In agreement with EBIC observations, a rectifying behavior is evidenced. By fitting the curve with a single diode 
model, the junction’s saturation current is estimated around 0.5 pA and the ideality factor around 2.1, while series and 
shunt resistances are estimated around 400 kΩ and 4 GΩ, respectively (red dots in Fig. 1d). Along with the high shunt 
resistance value, the I(V) curve shows that the leakage current in reverse bias is negligible compared to the forward 
current.  

A set of samples was grown under different dopant flows (Si2H6 flow from 0.25 to 2.4) to analyze the n-doping 
level in the ternary alloy combining EBIC microscopy and voltage-induced SE contrast analysis (VSEC) as done by 
Tchoulfian et al. on radial GaN NWs21. The SE profile can be used to localize the junction position22 since the SE 
electron yield is sensitive to the materials properties23 and doping type24. At the same time, EBIC profiles allow to 
estimate the minority carrier diffusion length (Ldiff)18 and the extension of the space charge region (SCR)25 at the 
nanoscale. Combining the two techniques, it is possible to measure separately the SCR extension in the p-doped and 
in the n-doped parts of the junction which depends on the corresponding doping levels. Further details can be found 
in ref.21. To estimate the doping level, we assume that the carrier motion in the SCR is governed by a pure drift, while 
outside the SCR the transport of the generated carriers is ruled by diffusion. Details about the model can be found in 
the supplementary material.  

The results are shown in Fig. 2a which reports the hole diffusion length values (Ldiff) and the average doping levels 
for each sample. The error bars reflect the dispersion of values over 12 NWs. The diffusion length is around  ̴ 50 nm 
for all the samples. Taking into account the excellent crystal quality reported by Bologna et al. on similar 
nanoobjects15, it is likely that the diffusion length is dominated by surface recombination and is insensitive to the 
increase of dopant concentration. On the other side, this result confirms the reproducibility of the reported estimation 
method. 

The average doping level is estimated between 1017 and 1019 cm-3 for the different samples. Fluctuations are found 
from NW to NW as reflected in the standard deviation (given in parenthesis in the figure), which shows that the 
statistical error is 12-20%. The variation of the estimated doping level in different samples shows that when the dopant 
flow is increased from 0.75 to 2.4 the donor concentration increases from 3.9*1017 cm-3 to 5.3*1018 cm-3, with a notable 
exception of the lowest flow of 0.25, which deviates from the expected trend and needs further investigation. However, 
the doping level estimated for a dopant flow higher than 0.25 are coherent with carrier concentration values reported 
in the literature for In0.65Ga0.35P epitaxial layer26, as shown in Figure 2b. It is worthy to notice that the variation of the 
doping level with the dopant flow exhibits a different slope than the one reported for 2D layers26. Different 
explanations can be proposed, such as a different dopant incorporation in TASE NWs compared to thin films.  

 

 
Fig.	2	(a)	Hole	diffusion	length	values	(black)	and	average	doping	level	(blue)	estimated	for	the	different	samples.	The	error	bars	
reflect	the	dispersion	over	the	investigated	NWs;	b)	Carrier	concentration	vs	dopant	flow	graph,	comparing	the	data	from	ref.26	
(in	black)	and	the	values	estimated	in	this	work	(in	red). 
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Next, TASE-grown InGaP nanowire p-n junctions on the p++-Si substrate were investigated (schematic in Fig. 3a). 
The highest silane flow of the doping series (2.4) was used for the doping of the n-InGaP segment. EBIC maps revealed 
different electrical signals under positive and negative external biases. At a positive bias, the p-n InGaP homo-junction 
is electrically active (Fig. 3b) and the current is coherent with the expected direction for the built-in field (i.e. a positive 
induced current as indicated by the color-coded scale). This observation constitutes the first evidence of charge 
collection in ternary alloys p-n junction NWs grown by TASE. Under negative bias, the p-n homo-junction is flattened 
and other rectifying elements with opposite orientation are revealed (Fig. 3c). Namely, two signals are observed. The 
more intense signal is located at the contact point between the nanomanipulator and the NW. It is related to the 
presence of a Schottky barrier between the p-InGaP and the tungsten tip.  

 
Fig.	3	a)	Schematic	of	a	NW	containing	an	InGaP	p-n	junction;	SE	images	of	a	single	NW	superimposed	with	the	corresponding	
EBIC	signals	at	Vbias	=	4	V	(b)	and		Vbias	=	-4	V	(c)	(current	is	traced	using	a	temperature	color	code,	scale	is	given	below	each	panel).	
The	 scale	bars	 correspond	 to	200	nm;	d)	Axial	 band	diagram	simulated	with	NextNano	 software,	highlighting	 the	 local	band	
bending	in	individual	NWs	consistently	with	the	EBIC	maps	in	panels	b	and	c;	e)	EBIC	profile	at	Vbias	=	4	V	(in	red)	and		Vbias	=-	4	V		
(in	black)	extracted	along	the	main	axis	of	the	NW	in	panels	(b)	and	(c).	The	blue	curve	representing	the	SE	profile	at	Vbias	=	4	V	
highlights	the	contrast	variation	corresponding	to	the	EBIC	peak;	f)	Photocurrent	density	produced	by	the	NW	array	alternating	
dark	conditions	and	white	light	illumination.	
	

on on on 

off off off off 

f) e) 

40.7	nA 	9.1	nA -10.8	nA -27.3	nA 

n-InGaP 

p
++
-Si 

p-InGaP 
a) b) c) 

d) 



5	
	

A weaker signal of the same negative sign is observed in the lower NW part at the interface between Si and InGaP. 
This signal arises from the heterojunction p++-Si/ n-InGaP as described in the previous set of samples. At zero bias, 
no measurable signal could be found, which is due to the presence of the above-described multiple diodes with 
opposite directions. By simulating the axial band profile with the NextNano software, the rectifying interfaces in 
individual NWs were identified, consistently with the EBIC maps reported in panels b and c (Fig. 3d).  

A comparison of the EBIC and SE profiles (Fig. 3e) shows that the EBIC peak corresponds to a sharp decrease in 
the SE contrast, which is associated to the presence of the p-n homojunction. Through the analysis of the profile, 
doping level and Ldiff are estimated both in the n- and the p-doped segment. In the n-InGaP segment, the doping level 
is estimated around 3.4*1018 cm-3 and the hole diffusion length is found to be 44 ± 10 nm: these results are coherent 
with the values estimated in the previous series of samples. In the p-InGaP segment, the doping level is estimated 
around 3.5*1018 cm-3 and the electron diffusion length is around 52 ± 10 nm. 

The positive induced current produced by the p-n InGaP junction (~ 28 nA at the peak) is more pronounced than 
the opposite current from the InGaP/Si heterojunction (~ 2.5 nA at the peak). Nevertheless, these two diodes are 
connected in series and the overall activity of the NW results from a competition between the two opposite currents 
(and also the Schottky-related diode at the NW/nanomanipulator contact). This information could be potentially 
obtained from the EBIC maps acquired without bias (not reported), but in the present case these maps show no current 
collection due to the presence of a Schottky barrier at the contact interface.  

To study the photocurrent generation properties, the response of the NW array under white light (halogen lamp, 
31.5 mW/cm2 power density) was analyzed in short-circuit conditions. For this purpose, NWs are encapsulated in 
hydrogen silsesquioxane (HSQ) baked at 200°C for 60 minutes and an ITO contact is sputtered on top to connect a 
macroscopic amount (about 107) of NWs in parallel. The photocurrent was measured alternating light and dark 
condition and recording the current temporal trace I(t). The results in Fig. 3e (“on” and “off” refer to the lamp 
irradiation) show that a positive current is generated under illumination coherently with the orientation of the p-n 
InGaP homojunction. This observation provides the first evidence of a photovoltaic effect in InGaP NWs grown by 
TASE. 

In conclusion, in this work we performed the study of electrical properties of InGaP NWs grown by a TASE 
approach. First, the electrical activity of the n-InGaP/p-Si hetero-junction was probed. Quantitative analyses of the 
generation profiles allow to estimate the doping in n-InGaP NWs and to evaluate the hole diffusion length. Next, 
InGaP NW p-n homo-junctions were elaborated by TASE. The EBIC mapping of these structures allowed to 
demonstrate the photovoltaic activity of the ternary homo-junction and to estimate the minority carrier diffusion 
lengths in the n- and p-InGaP segments. The current generated by the homo-junction dominates over the current 
induced at the InGaP/Si interface. Photovoltaic activity of the homo-junction is confirmed by the analyses of short-
circuit current in NW arrays under white light illumination. The analyzed NW structures represent the fundamental 
building block of a future InGaP-on-Si monolithically integrated tandem solar cell. 
 

SUPPLEMENTARY MATERIAL 

See supplementary material	for the details on the model used for the doping level estimation.  
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