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Abstract: Nano size octagonal pyramidal frusta of indium phosphide are selectively grown 

from circular openings on silicon dioxide mask deposited on indium phosphide and indium 

phosphide pre-coated silicon substrates. The eight facets of the frusta are determined to be 

{111} and {110} truncated by a top (100) facet. The size of the top flat surface can be 

controlled by the diameter of the openings in the mask and separation between them. The 

limited height of the frusta is attributed to the kinetically controlled selective growth on the 

(100) top surface. Independent analyses with photoluminescence, cathodoluminescence and 

scanning spreading resistance measurements confirm certain doping enrichment in the 

frustum facets. This is understood to be due to the crystallographic orientation dependent 

dopant incorporation. The blue shift from the respective spectra is the result of this 

enrichment exhibiting Burstein-Moss effect. Very bright panchromatic cathodoluminescence 
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images indicate that the top surfaces of the frusta are free from dislocations.  The good optical 

and morphological quality of the nanopyramidal frusta indicates that the fabrication method is 

very attractive for the growth of site-, shape-, and number-controlled semiconductor quantum 

dot structures on silicon for nano photonic applications. 

1. Introduction 

The use of semiconductor quantum dot (QD) structures for optoelectronics
1,2 

and 

photovoltics
3
 is becoming more and more attractive. Due to a delta function like density of 

states and strong electron and hole confinement, QDs offer a low and temperature-insensitive 

threshold current density and large band width for lasing 
4, 5

. Using QDs as single photon 

sources 
6, 7, 8

 is another novel application for quantum information processing 
9
 and quantum 

computing 
10

. In the quest of light source for photonic integration on silicon substrate, QDs 

based on III-V semiconductor materials are shown to be suitable candidates
11, 12

. To this end, 

significant attention has been given to fabricate device quality III-V based quantum dots on 

III-V as well as Si wafers by various approaches. Among various approaches for device 

quality QD fabrication, the Stranski–Krastanov (SK) growth mode is a well-established 

method to fabricate high density QDs with good optical quality although the challenge to 

fabricate size-, shape-, and number- controlled quantum dots is still being addressed. To 

achieve single QD emission for advanced quantum functional devices such as nanolasers and 

single photon sources, precise position- and number control of a few down to a single QD is 

required 
13

. This can be achieved by predefined nucleation site of a quantum dot via selective 

area growth epitaxy of host material prior to the growth of QDs. Selective area growth (SAG) 

of InP and GaAs truncated pyramidal structures on InP 
14

 and GaAs 
15

, respectively, were 

studied and control of number and position of InAs QDs on the top of the pyramids was 

achieved. In addition to providing high degree of freedom in control of site and density of the 

QDs, this approach also avoids unwanted nearby emitters since part of the sample other than 
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the opening for selective area growth of the pyramids is covered by a dielectric mask which 

offers high degree of reproducibility. In addition, the pyramids help to separate the QDs from 

the initial substrate. The latter is advantageous to eliminate the high density of defects at the 

substrate/QD interface especially in case of heteroepitaxy of highly mismatched III-V based 

QDs on silicon. Besides, it is attractive to conduct QD growth of a III-V material on silicon 

provided with the same III-V seed layer to enable heteroepitaxial QD by SAG. 

In this paper, we report SAG of high quality InP nano pyramidal frusta (NPF) from circular 

hole openings in silicon dioxide mask on InP and InP precoated Si substrates. The growth was 

conducted in a hydride vapor phase epitaxy (HVPE), a near-equilibrium process perfectly 

suitable for SAG. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) 

are used to study the surface morphology and dimensions of the NPF. We show that size of 

the top flat surface of the NPF can be controlled by the diameter and center-to-center spacing 

of the circular hole openings in the oxide mask. In addition, the AFM study shows that the 

NPF is octahedral in shape and the top flat surface is (100) plane surrounded by eight low 

index planes of {111} and {110} planes.  In order to use these templates for the growth of 

high quality quantum dot structures, their optical property is of fundamental importance 

especially in the case of hetreoepitaxy. The optical quality of the NPF was studied by room 

temperature cathodoluminescence (CL). We discuss the dislocation filtering mechanism in 

relation to the epitaxial necking effect and effect of reduced growth area. We also report and 

discuss the electrical properties of the NPF by scanning spreading resistance microscopy 

(SSRM) and compare with that of InP grown on unpatterned (planar InP) substrate.  

2. Experimental  

Two sets of samples from n-InP (100) misoriented 2° toward <110> substrate (called n-InP 

here after) and InP precoated Si (100) 4
o
 off oriented toward <111> substrate (called 

InP(seed)/Si hereafter) were prepared. Plasma enhanced chemical vapour deposition 

Page 3 of 24 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

(PECVD) was used to deposit 150 nm SiO2 mask on the first set of samples and 90 nm SiO2 

mask on the second set of samples. Circular hole openings were made by soft ultraviolet 

nanoimprint lithography (UV-NIL) 
16

 in SiO2 mask. The first set of samples contained two 

samples, n-InP and InP(seed)/Si, each with two pattern fields, A and B, of square arrays of 

circular hole openings of diameter (D) 300 nm. In pattern field A, the center to center spacing 

(S) was 500 nm, and in pattern field B, 1µm. The fill factor, i.e., the ratio of the total open 

area (the area of all the circular holes) to the total pattern field area in A and B was 0.28 and 

0.07, respectively. The second set of samples also contained two samples, n-InP and 

InP(seed)/Si, similar to set 1 but with D=120 nm, S=180 nm and a fill factor of 0.19. SAG of 

sulphur doped InP, in the openings on both sets of samples was conducted in an Aixtron low 

pressure hydride vapor phase epitaxy (LP-HVPE) reactor 
17

. The targeted sulphur 

concentration (electron concentration) in the grown InP was 5x10
18

 cm
-3

, which is on the 

same order of magnitude as that in the n-InP substrate. The growth times were 2.5 minutes on 

the first set of samples and 15 minutes on the second set of samples. Growth temperature of 

590 °C and V/III ratio of 10 (i.e., PH3/InCl =10) were used in all cases. The reactor pressure 

was maintained at 20 mbar and the total gas flow was 900 sccm. Figure 1 shows schematics 

of circular hole openings in SiO2 mask on InP(seed)/Si. The sample description and growth 

parameters are summarized in table 1. InP grown from the openings were characterized by, 

SEM, CL, AFM and SSRM. CL measurements were done using a MonoCL4 system 

integrated with a FEG cathode LEO 1550 Gemini SEM equipped with a CCD detector and a 

Peltier-cooled GaAs photomultiplier tube for data acquisition. AFM and SSRM measurements 

were done using a Digital Instrument’s Nanoscope Dimension 3100 SPM system, equipped 

with an SSRM module. Commercial super sharp Si tip for the AFM taping mode 

morphological measurements and boron doped diamond coated silicon tips with force 

constants ~ 6 N/m (Nanosensors GmbH) for SSRM measurements were used. 
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Figure 1: Schematics of nanoimprinted circular holes of diameter D and center to center 

spacing of S on InP(seed)/Si.  

Table 1: Summary of samples and growth conditions 

Sample 

sets 

Substrate Opening hole dimensions and 

Fill factor 

Growth 

conditions 

Set 1 n-InP Field A 

D=300 nm, 

S=500 nm 

Fill factor =0.28 

Field B 

D=300 nm, 

S=1000 nm 

Fill factor=0.07 

Growth time =2.5 

min 

Temp.=590 
0
C 

V/III=10 
InP(seed)/Si 

Set 2 n-InP  

D=120 nm 

S=180 nm 

Fill factor 0.19 

Growth time =15 

min. 

Temp.=590 
0
C 

V/III=10 
InP(seed)/Si 

 

3. Results and Discussion  

3.1. Morphological Studies  

Figures 2(a) and 2(b) depict the SEM images of selectively grown n-InP nano pyramidal 

structures on the first set of samples with pattern field A on n-InP and InP(seed)/Si, 

respectively. The growth is highly selective without any nucleation on the mask surface. This 

is due to the equilibrium nature of hydride vapor phase epitaxy which allows for re-

evaporation of the adsorbed InCl molecule on the dielectric mask 
18

. It is found that the shape 

of the grown structure is a truncated pyramid, called pyramidal frustum, with eight sides 
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regardless of the hole dimension and separation and substrate type. The side wall angle with 

respect to (100) top surface of the octagonal frustum was determined by AFM line scan of 

height image taken after removing the oxide mask and it was found to be 45
o
 and 54

o
 for the 

line scans made 45
o
 to each other (along lines I and II in the inset of figure 2(c)), which 

indicates the corresponding side walls of the frustum are {110} and {111} planes, 

respectively. Figure 2(c) shows how the AFM line scan along line I is used to determine the 

side wall angle from the top flat surface of the NPF; the inset is the AFM height image of an 

NPF on InP(seed)/Si and the lines indicate the scan paths and figure 2(d) shows AFM 

amplitude image of an NPF on InP substrate with all facets labeled. 

   

     

Figure 2. SEM image of InP naopyramidal frusta from sample set 1 with pattern field A 

grown on (a) n-InP and (b) on InP(seed)/Si; (c) AFM line scan of a frustum on InP(seed)/Si 

Page 6 of 24CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

 

and the inset is the AFM height image showing the different facets and the scan path (I and II) 

and (d) AFM amplitude image of an NPF on InP substrate with all facets labeled. 

As can be seen from the SEM images in figures 2(a) and 2(b) (lower panels) the symmetry of 

the truncated octahedral pyramids slightly varies. We observe that it is affected by the shape 

of the circular hole; a symmetric octagonal NPF is seen from a perfect circular hole. 

Both sets of samples were characterized by AFM after the oxide mask was removed. In figure 

3, we present the 3D AFM height image of NPF on the same set of samples whose SEM 

images are shown in figures 2(a) and 2(b).  

      

Figure 3. 3D 5x5 µm
2
 surface rendering AFM images of NPF on; (a) n-InP and (b) 

InP(seed)/Si substrates of sample set 1 with pattern field A.  

Whereas the NPF on n-InP substrate are homogeneous in size as seen in figure 3(a) those on 

InP (seed)/Si substrate vary in size (both vertical and lateral), see figure 3(b). This variation in 

size is understood to be due to the rough/uneven surface morphology/topography of the 

original seed layer, which has a root mean square (RMS) surface roughness of ~21 nm and a 

topographical variation of 50 nm (crest to trough) 
19

. More importantly, the topography of the 

seed layer and hence the deposited oxide mask is uneven. The result is that at some regions, it 

is beyond the flexibility limit of the NIL stamp to get equal size openings on the dielectric 
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mask. From figure 3 (b), it appears that the size of the NPF and the topographical variation of 

the InP seed layer can be correlated, i.e., the large NPF to the topographically elevated regions 

while smaller ones in the topographically lower regions. Thus, the size of the NPF is varying 

largely due to the uneven size of the imprinted openings. It has been shown that the 

morphology of InP(seed) layer can be further improved through chemical mechanical 

polishing 
19

, which however, was not employed in the current experiments. 

Table 2 summarizes the dimensions of the NPF obtained from the AFM studies. The size of 

the top flat surface of the frusta is expressed in terms of distance between the opposite edges 

of the octagon, i.e., the diameter of the inner circle of the octagon. This was measured from 

the AFM line scans made perpendicular to each other. The difference between the two line 

scan measurements was insignificant. The average height was also measured from the AFM 

line scan from the substrate surface to the top of the frusta as shown in figure 2(c). The height 

and flat top surface diameter values presented in table 2 are the average values calculated 

from the measurements from several NPF. 

Table 2: Dimensions of the NPF from both sets of samples 

Sample Fill Factor Growth 

time 

(min) 

Substrate Average  

Height 

(nm) 

Top Surface  

Diameter 

(nm) 

 

Set 1 

A 0.28 

(D=300nm; 

S=500 nm) 

 

 

2.5 

n-InP 80±3 90±2 

InP(seed)/Si 79±12 91±7 

B 0.07 

(D=300nm;  

S=1000nm) 

n-InP 50±2 110±3 

InP(seed)/Si 49±4 111±5 

Set 2 0.19 

(D=120nm; 

S=180nm) 

15 n-InP 41±3 30±2 

InP(seed)/Si 39±8 31±10 

 

From table 2, it is evident that the results obtained from the openings on n-InP substrate and 

on InP(seed)/Si are very similar and hence the growth mechanisms may not be different for 

different substrates. 
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Although the experiments were carried out only with three filling factors and two growth 

times, the following obtained results are helpful in gaining qualitative understanding of the 

underlying growth mechanisms of the NPFs: (i) The SEM and AFM images of figure 2 

clearly show that the NPFs are contained within the opening area, i.e., there is no lateral 

growth resulting in mask encroachment. This absence of lateral growth is understood to be 

due to the formation of low index planes of slow growth rate (or stopping planes) already at 

the initial stages of growth. This indicates that once these stopping planes are formed, all the 

subsequent growth that takes place is predominantly vertical. (ii) The above argument 

suggests that the vertical growth can take place only with the supply of growth rendering 

species on the emerging (100) flat surface of the NPF whose area constantly shrinks with 

growth time. It also suggests that since the growth is contained within the opening, NPF from 

a smaller opening should result in shorter NPF with smaller flat surface. This is what is 

observed in Table 2, where sample from set 2 (with D=120 nm) results in NPFs of lower 

height and lower flat surface area with respect to the samples of set 1 (with D = 300 nm) 

although these two sets have different spacings. (iii) From the measurement of the heights of 

the NPF on both sets of samples, it is found that the vertical growth rate is in the range of 2 to 

32 nm/minute. It is to be pointed out that this growth rate is approximately 1-2 orders of 

magnitude lower than what has been observed on the growth on (non-patterned) planar 

reference samples (200 nm/minute) conducted simultaneously with the two sets of samples. 

This observation might appear contradictory to what happens during SAG where the 

additional growth species adsorbed on the masked surface are transported to the open surface 

contributing to an enhanced growth rate compared to planar growth
20,21

. It has been shown in 

SAG conducted in MOVPE that for very small fill factors <10%, even though the supply of 

the growth species to the open area from the masked area is very high, the reaction kinetics on 

the (100) surface tends to limit the growth 
22

. As the (100) surface area shrinks as the growth 
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proceeds, as indicated above, this leads eventually to self-limiting growth (SLG). This 

mechanism which has also been invoked for the selective growth of GaN dots
23

. is found to be 

operative in our case also. Considering pattern field A and B of samples of set 1 with the same 

opening diameter and different spacings, NPF from B with larger spacing (lower fill factor) is 

shorter than that from A although both were grown for 2.5 min. If the SAG mechanism were 

operative, growth from B would have resulted in taller NPF (larger vertical growth rate) 

which is not the case. Hence the growth appears to be regulated by SLG mainly due to the 

kinetic limitation of growth on (100) surface. The larger flat surface of NPF from B than that 

from A is the result of the height difference of NPF from the opening of the same diameter, as 

the base of NPF is clamped within the opening. Extended growth time (15 min) of sample of 

set 2 resulting in lower height with respect to set 1 (2.5 min) can also be the result of this SLG 

mechanism although it can be the combined effect of smaller opening diameter.  

In any case, our results indicate that by adjusting the growth time, the opening diameter and 

spacing, it is possible to achieve a desired size of top flat surface. Thus, by controlling the size 

of the top flat surface in such a way that it accommodates certain number of quantum dot 

structures, growth of number controlled semiconductor quantum dots at a controlled site is 

feasible 
14, 24

. 

3.2. Cathodoluminescence Studies 

The optical quality of the NPF was characterized by room-temperature panchromatic 

cathodoluminescence (PC-CL) with acceleration voltages of 5.5 keV. The SiO2 mask was 

removed prior to the CL measurement. The PC-CL images along with the SEM images of the 

same area are shown in figures 4(a-d).   
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Figure 4. SEM and room temperature panchromatic CL images of InP NPF on (a): n-InP 

(SEM), (b): n-InP(PC-CL), (c): InP(seed)/Si(SEM) and (d): InP(seed)/Si(PC-CL) of sample 

set 1 with pattern field A, (the oxide mask was removed prior to the CL measurement).  

 

Figures 4(a) and (c) show the SEM images and figure 4(b) and (d) are the corresponding PC-

CL images taken from the NPF on n-InP and InP(seed)/Si substrates, respectively, of the first 

set of samples with pattern field A. Generally the PC-CL images of NPF from both substrates 

are very bright indicating the dominant radiative recombination of carriers, hence, structural 

defect-free or low-defect density NPF. Almost all of the NPF on n-InP substrate shown in 

figure 4(a) give bright CL contrast as shown in figure 4(b). From the SEM image in figure 

4(c) we can see that there is a slight difference in the size of the NPF on InP(seed)/Si substrate 
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confirming what was seen in the AFM image of figure 3(b); whereas large NPF yield bright 

CL image, the smaller ones  resulted in a relatively weaker or no luminescence in the CL 

image (figure 4(d)). This is because for a constant CL excitation volume (excitation volume 

depends on the material atomic weight, atomic number and the acceleration voltage which is 

estimated to be <200 nm in this measurement condition), there will be more carriers in the InP 

(seed) excited for the smaller size NPF than the bigger ones where most of the exited carriers 

are from the NPF, hence brighter contrast. In the case of the NPF grown on InP(seed)/Si, the 

defect filtering mechanism involves epitaxial necking effect 
25

 where selective area growth 

and defect crystallography force the defects to the oxide side wall. In zinc blende cubic as in 

InP/Si system, misfit dislocations lie along <110> directions in the (100) growth plane while 

the threading segments rise up on (111) planes in <110> directions. Threading segments in 

<110> directions on the (111) plane make a 45° angle to the underlying Si (100) substrate. 

This effect results in the elimination of threading dislocations by terminating at the {111} 

planes of the NPF as shown in figure 5. 

 

Figure 5. Schematic of cross section of an NPF on InP(seed)/Si (not to scale). 

 

Note that the necking effect is more effective when aspect ratio, the mask thickness to the 

opening width is greater than 1. However, the effect of small growth area to reduce misfit and 

threading dislocations is more advantageous in this experiment. In a large area growth, growth 

starts from large surface that can contain higher density of fixed sources of dislocations 

(substrate dislocations and inhomogenities) 
26

. In the InP(seed) layer on Si fixed sources of 
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dislocations include threading dislocations (density 10
9
 cm

-2
) and surface roughness of about 

21 nm (from a 25 µm x 25 µm AFM scan area) 
19, 25

. During the growth of the epi-layer on 

large area, the numerous fixed sources of dislocations will propagate to the layer as well as 

produce dislocation interaction and multiplication events, further increase the dislocation 

densities 
26

. On a small growth area as in this experiment, the number of fixed sources present 

which can relax the film is small, and the threading dislocations will move a smaller distance 

before reaching the mask sidewall. In addition termination of the dislocations at a free film 

edge is energetically favorable and the edge, the side facets in this case will therefore provide 

some pinning of the dislocations 
28

.  

To study the quality of the NPF further, CL spectra were recorded from the individual NPF 

grown on both n-InP and InP(seed)/Si samples of set 1 with pattern field A and compared 

with the spectrum taken from the reference sample (n-InP grown on planar n-InP). Figure 6(a) 

compares the spectra (taken at the same measurement conditions) from a single NPF on n-InP 

and reference sample and figure 6(b) from, the NPF on InP(seed)/Si and planar InP(seed) 

layer on Si. Normalized spectra from the NPF on both InP(seed)/Si and on n-InP and the 

reference sample are given in figure 6(c). From figure 6(a) one observes that the CL intensity 

from the NPF on n-InP is slightly lower than the intensity from the reference sample, whereas 

from figure 6(b) the CL intensity from the NPF grown on InP(seed)/Si is about ten times 

stronger than that of the InP(seed) layer. We choose to assess the quality of the NPF on the 

two substrates with respect to the reference n-InP layer grown on planar n-InP substrate by 

comparing their full width at half maxima (FWHM) of their peaks. The spectra are recorded 

from several NPF on each substrate and no significant differences in the normalized intensity 

and FWHM of the emission line on the respective substrates are observed.  
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Figure 6. CL spectrum of a NPF on n-InP and InP(seed)/Si compared with the spectrum from 

the (a) reference sample, (b)  InP(seed) layer, respectively, from sample set 1 of field A, and 

(c)  normalized intensity spectra from the NPF in (a) and (b) and the reference sample. 

As can be seen from figures 6(a-c), in all spectra taken from NPF on n-InP and InP(seed)/Si 

substrates, their FWHM is broader and blue shifted (~0.5 eV) compared to the reference 

sample. The FWHM of the spectra from NPF on n-InP and InP(seed)/Si substrates and  the 

reference sample are 124 meV, 138 meV, and 68 meV, and their peak positions are 1.39, 1.39 

and 1.35 eV, respectively. The difference in FWHM between the NPF and the reference layer 

is understood to be due to the doping effect. According to a study by Bugajski and 

Lewandowski in reference 
29

, for highly doped (above the degeneracy limit, i.e, ~5x10
17

 cm
-3

) 

n-InP, about one order of magnitude increase in doping level causes approximately two-fold 
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photoluminescence (PL) line broadening, which is the broadening observed in our CL 

measurements of the NPF compared to the reference sample. In a supplementary experiment 

on n-InP substrate, we observed that without any change in the peak position, the line-width 

from CL to be 68 meV, which is broader than that of the PL spectra, which is 55 meV. A 

similar trend also has been observed by Roderiguez et al in 
30

. Hence, the line broadening in 

CL spectrum can be explained in the same way as that of PL. From the photoluminescence 

study of n type InP at room temperature, the relation between doping level and the difference 

in band gap energy is 
29

: 

9 1/3( ) 22.5 10 ( )gE n n eV−
∆ = × , (1) 

where ( )gE n∆  is the change in the band gap energy caused by a doping concentration of n in 

cm
-3

. By using this relation, we found doping concentration of 5.6 x10
18

cm
-3

 for the change in 

the band gap energy of 40 meV, which is observed in the CL spectra of the NPF on both kinds 

of substrates. This doping concentration is higher than what has been used to dope the NPF 

during growth, which is ~5 x10
18 

cm
-3

. In the same study by Bugajski and Lewandowski in 
29

, 

doping concentration of n in cm
-3

, resulting in spectral broadening of ( )E n∆ in eV can be 

determined  with a 10 % uncertainty as in equation (2). 

14 1/3( ) 2.22 10 ( )E n n eV−
∆ = × . (2) 

We found a spectral width of 70 meV from equation (2) caused by a doping concentration of 

5.6 x10
18 

cm
-3

 obtained from equation (1). This value is about half of the experimental value. 

However, as we discussed previously, there is a difference in CL and PL line-width and we 

believe that the values would be close to each other if the exact difference of the line-width in 

the CL and PL for the NPF on both substrates is known. The yet unanswered question is 

therefore, why the doping level in the NPF is higher than that of the reference sample which 
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was meant to be doped with the same doping concentration as the NPF and hence causes the 

broadening of the CL spectra. One possible explanation is the enhanced doping concentration 

in the side facets of the frusta due to crystallographic dependent dopant incorporation as 

observed by Y.T. Sun et al
31

. To verify if this is the case in this experiment, we conducted a 

SSRM studies on NPF grown on n-InP substrate and the reference sample. The SSRM studies 

and results are presented in the following section.  

3.3. SSRM studies  

In SSRM technique, the local resistance of the near surface region of the sample is obtained 

by measuring the electrical current flowing between a conductive-tip and the sample that is 

biased relative to the tip. A two-dimensional map of the resistance is obtained by scanning the 

probe over the sample surface. To achieve highest possible resolution the scanning was 

conducted at low applied forces maintaining a stable electrical contact. Figure 7(a) shows the 

SSRM current image of a representative NPF array on n-InP substrate of sample set1 with 

pattern field A measured at -1 V sample bias under ambient condition. The NPF are clearly 

visible, appearing bright in (current) contrast due to lower resistance compared to the 

substrate.  
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Figure 7. (a) SSRM current image of NPF array on n-InP substrate measured at -1V sample 

bias under ambient condition, (b) section analysis of the current in the NPF along the dotted 

line in (a), the current variation at different faces of the NPF indicated in the AFM image  in 

(d), (c) the local I-V characteristics on the NPF and the reference sample (n-InP/planar n-InP) 

and (d)  tapping mode AFM image showing the positions of 1 and 2 in (c) on the NPF.   

Section analysis (along the red dotted line in figure 7(a)) presented in figure 7(b), exhibits 2-3 

times higher current through the side surfaces than through the top surface. Several single 

nanopyramids investigated in different parts of the sample consistently reveal similar trend of 

higher conductivity at the side surfaces (facets) compared to the central top region. However, 

as seen from figure 7(a) the individual nanopyramids show distinct contrast variations 

suggesting local variations in the conductivity. This is also visible in the section data shown 

in figure 7(b), where the current spatially varies by as much as 0.3 µA in the region indicated 

as NPF top. Considering the reported SSRM lateral resolution of less than 10 nm for probes 

similar to ones used here
32

, the observations strongly argue for the presence of local 

conductivity variations in the NPF. However, even a qualitative interpretation of the observed 

local current variations requires a full understanding of doping incorporation in these 

complicated NPF structures, and is not attempted here. In the above context, the SSRM 

Page 17 of 24 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



18 

 

measurements are used only for qualitative comparison of the conductivity of the NPF side-

wall and top regions.  

In separate measurements, using SSRM Local I-V (figure 7(c)) characteristics of a NPF 

were also measured. The measurements were made at the top central region of the NPF and at 

the side facets, approximately, in the vicinity of the blue and red dots indicated by numbers 1 

and 2 in the tapping mode AFM topography image shown in figure 7(d). For comparison, the 

measured I-V characteristics of the reference InP layer grown at the same time as the NPFs is 

also presented in figure 7(c). The measured I-V characteristics are non-linear (figure 7(c)) 

indicating a Schottky-like contact and is consistent with earlier reports on SSRM 

measurements of InP 
33

. However, the I-V characteristics of the reference InP layer shows a 

stronger rectifying behavior, while those of the NPF show symmetric behavior. The latter can 

be attributed to tunneling-dominated conduction indicating higher doping levels in the NPFs 

compared to the InP reference layer. Within the NPF the higher conductivity of the side facets 

reveals additional dopant incorporation in these facets (planes), and is consistent with 

previous observations 
31

. Though it is not possible to deduce the exact dopant concentration 

difference between the reference layer and the NPF and compare the expected dopant 

difference that causes the CL broadening, we believe that the line shift and broadening are 

mainly due to Burstein–Moss effect caused by the filling of states close to the conduction 

band by the higher doping in the NPF. Thus, the measured band gap determined from the 

onset of interband absorption moves to higher energy, blue shifted. 
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4. Conclusions  

Selective area growth of InP nanopyramidal frusta on n-InP and Si substrates is reported. Well 

defined octagonal pyramidal frustum with (100) top surface surrounded by {111} and {110} 

facet planes are fabricated. Uniform size NPF on silicon can be produced by polishing the InP 

(seed) layer on Si. The size of the top flat surface of the NPF are controlled by the hole 

opening diameter and center-to-center spacing of the hole openings in the dielectric mask. 

The growth rate of the NPF is so low compared to the planar growth rate. This is due to the 

formation of growth stopping low index facet planes quickly that leads to reduce or stop the 

growth already at the initial stage of growth and so that no growth occurs afterwards. This can 

help to have good control of the size of NPF and make the process reproducible. As 

confirmed by the panchromatic cathodoluminesence measurement the NPF is of high optical 

quality even on InP(seed)/Si substrate and showed the effective defect filtering. The spreading 

resistance microscopy measurement revealed that the NPF are highly doped compared to the 

n-InP grown on planar n-InP substrate, reference sample, indicating enhanced 

crystallographic orientation dependent dopant incorporation. The fact that the side facets 

appear brighter in current image from the SSRM study compared to the top flat (100) surface 

indicates that these facets are preferentially doped more. Therefore, the total doping density in 

the nanopyramidal frusta is higher than the planar surface on the reference sample. Hence, 

blue shift and broader cathodoluminescence spectrum from the NPF is attributed to the 

Burstein–Moss effect caused by the higher doping level. The controlled dimension, high 

optical and electrical qualities of the NPF are suitable for site and number controlled growth 

of semiconductor quantum dots for future silicon and nanophotonic applications  
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