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Surface diffusion is a critical parameter for non-equilibrium growth techniques such as molecular

beam epitaxy. However, very little is known about diffusion rates of individual cations in a mixed

cation material. Using droplet epitaxy as the growth technique, we isolate the diffusivity prefactor

(D0) and activation energy (EA) of indium on the surface of In0.53Ga0.47As/InP(100). We report two

regimes of indium diffusivity under As2-rich conditions: above and below the droplet deposition

temperature of 300 �C, corresponding to a change in surface reconstruction. We also discuss meth-

ods of extracting the indium diffusion parameters on metal-rich surfaces using droplet epitaxy and

nucleation theory. The obtained diffusion parameters are compared to previous work in the litera-

ture and could be employed to optimize growth conditions for non-equilibrium crystal growth.

[http://dx.doi.org/10.1063/1.4983257]

I. INTRODUCTION

III-V compound semiconductors have been a key to devel-

oping a number of well-established optoelectronic technologies.

Despite bulk miscibility gaps, many ternary and quaternary

alloys can be grown with high material quality using non-

equilibrium growth techniques such as molecular beam epitaxy

(MBE) and metalorganic chemical vapor deposition (MOCVD).

However, there exist several alloys where, despite the use of

kinetically limited growth techniques, homogeneous alloys will

decompose into smaller regions of more energetically favorable

compounds. This process, known as phase separation, degrades

the material properties and device performance, sometimes ren-

dering them unusable. As demand for performance and design

flexibility increases, device designs are calling for more and

more use of challenging alloy systems. There have been several

technologically important III-V ternary and quaternary alloys

afflicted by phase separation, including but not limited to

InGaAs,1 InGaP,2 GaAsSb,3 InAsSb,4 and InGaAsP.5

The separation of immiscible alloy phases occurs as the

system reaches thermodynamic equilibrium. Achieving such

an equilibrium condition, however, is limited by kinetics. For

bulk materials, the kinetic path to phase separation is solid

state diffusion. Unlike the mechanisms of bulk phase separa-

tion, which are largely well understood, the physics of

surface-mediated phase separation is largely immature. This is

due to the lack of information regarding diffusion barriers

involved in semiconductor growth as well as available techni-

ques required to characterize phase separated materials at the

atomic scale. While analytical models have been proposed to

link surface diffusion with the appearance of phase separa-

tion,6,7 practical implementation of these models depends on

the availability of surface diffusion parameters such as the dif-

fusivity prefactor (D0) and the activation energy (EA) of the

growth atoms. Information about these parameters on a mixed

cation surface is extremely limited because until recently, no

available technique could differentiate individual cation diffu-

sion lengths in a mixed cation alloy.

Recently, Bietti et al. used droplet epitaxy to directly mea-

sure the gallium diffusion length on a GaAs surface.8 This pro-

cess involves depositing group-III droplets directly on the

alloy surface in a group-V purged environment, then crystalliz-

ing the droplets into 3D structures by exposing the surface to a

group-V overpressure.9 Droplet epitaxy enables access to the

diffusion parameters because the radius of a “halo” of material

that surrounds the group-III droplet is directly related to the

diffusion length of the group-III cation.8,10,11 Anisotropic sur-

face diffusion of indium on InGaAs at the InP lattice constant

has been shown at temperatures below 300 �C, but the diffusiv-
ity has yet to be characterized quantitatively.12 Additionally,

exploring increased deposition temperatures (up to 500 �C) is
advantageous as higher temperatures move closer towards the

growth-space of the underlying InGaAs layer, allowing the dif-

fusion measurements to accurately reflect bulk ternary growth.

In this paper, we employ droplet epitaxy to isolate

the diffusivity parameters for indium on the surface of

In0.53Ga0.47As/InP under As-rich conditions and over a large

range of deposition temperatures (200–495 �C), as well as

describe a pathway to identifying these parameters on a

metal-rich surface. We find two regimes of diffusivity behav-

ior in the As-rich condition: above and below 300 �C, with
[011] as the fast-diffusion direction. Concurrently with this

change in diffusivity behavior, we observe a change in diffu-

sion halo morphology. Above 300 �C, quantum dots (QDs)

appear in the diffusion halo, which we believe to be formed

by Stranski-Krastanov (S-K) growth processes when the diffu-

sion halos achieve a critical thickness. We attribute the change

in diffusivity to a change in surface reconstruction brought on

by increasing droplet deposition temperature. This experiment

can be generalized to identify the individual cation diffusion

lengths on any ternary or quaternary material system to miti-

gate surface-mediated phase separation in III-V alloys.a)Electronic mail: michael.yakes@nrl.navy.mil
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II. EXPERIMENTAL

The structures explored in this study were grown on a

Riber Compact 21 DZ MBE system. Sample IDs, droplet

deposition temperatures, and flux information are listed in

Table I. Temperatures were measured by a thermocouple

and are in reference to the InP (2� 4) to (4� 2) reconstruc-

tion transition under As2-overpressure, which occurred at

519 6 5 �C for our system. All samples were grown on epi-

ready InP(100) substrates with a 2� offcut along a direction

that is 45� away from both [011] and ½0�11�, purchased from

Wafer Technology, Ltd. The oxide was removed by heating

the substrate to the (2� 4) to (4� 2) transition under As2-

overpressure and immediately quenched to 4996 5 �C to

grow 0.5 lm of In0.53Ga0.47As, using the RHEED system to

monitor and ensure smooth 2D growth. The InGaAs layers

were grown under identical conditions for every sample,

utilizing a V/III beam equivalent pressure ratio of �5 and

demonstrating a streaky (2 � 4) surface reconstruction dur-

ing growth.

After the bulk growth, the indium and gallium shutters

were closed, and the substrate was cooled to the desired

droplet deposition temperature, ranging from 200 to 495 �C

under As2 overpressure. Once the temperature stabilized, the

As valve and shutter were closed, and the growth was paused

until system pressure asymptoted to roughly 5� 10�9 T.

After the system was purged of As, the indium shutter was

opened to deposit �5 ML of indium at a flux rate of 0.15

ML/s to form droplets in a Volmer-Weber-like fashion.13

Next, the indium shutter was closed, and the As shutter and

valve were immediately opened to crystallize the droplets,

under an As2 flux of �8 � 10�6 T, corresponding to a nomi-

nal growth rate of �2 ML/s for 2min. The RHEED recon-

struction transitioned back to a (2� 4) or (4� 3) pattern,

depending on the droplet deposition temperature. After crys-

tallization, the samples were cooled under As2 flux and

removed from the MBE chamber for characterization.

A Rigaku SmartLab X-ray diffraction system was uti-

lized to confirm composition and thickness of the underlying

InGaAs layer. Atomic force microscopy (AFM) images were

used to measure diffusion halos and were taken using either

the Bruker Dimension FastScan system or the Asylum

Cypher S system in tapping mode in air. Images were ana-

lyzed using the open-source SPM program Gwyddion.14

Scanning electron microscopy (SEM) images were used to

quantify nucleation densities and were taken using a Zeiss

Ultra Plus SEM.

III. RESULTS AND DISCUSSION

Figure 1 shows select AFM images of our samples, both

without (Figure 1(a)) and with (Figures 1(b)–1(e)) the arse-

nic crystallization step. At the lowest temperature, 200 �C,
the diffusion ring around the indium droplet is nearly sym-

metrical. As the droplet deposition temperature increases, we

see the diffusion halo expand anisotropically, longer along

[011] than ½0�11�. Our droplets appear to etch into the InGaAs

underlying layer during the As crystallization stage as previ-

ously demonstrated in the literature for InAs/InGaAs struc-

tures.11,15 At droplet deposition temperatures above 300 �C,
we see QD formation in the diffusion halo, which has been

previously documented in the literature for InAs/InGaAs/

TABLE I. List of droplet diffusion samples. Arsenic flux rate (J0As) normal-

ized to a nominal flux of 2 ML/s and indium flux rate (J0In) normalized to an

anticipated rate 0.15 ML/s.

Sample ID Droplet T (�C) J0As J0In

T495 495 1 1.0

T400 400 1 1.0

T350 350 1 1.0

T300 300 1 1.0

T250 250 1 1.0

T200 200 1 1.0

F1 200 0 1.0

F2 300 1/2 1.0

F3 300 1/4 1.0

F4 200 1 2.0

F5 200 1 3.5

FIG. 1. (Left) AFM images of selected samples: (a) F5 (no As flux), (b) T495, (c) T400, (d) T300, and (e) T200. (Right) AFM profiles of T300 structure along

the (f) [011] and (g) ½0�11� directions with labels indicating the regions that constitute the InAs diffusion halo and the indium droplet.
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GaAs structures16 but to the best of our knowledge has not

been shown for the less-strained InAs/InGaAs/InP structure.

AFM profiles of T300 are also shown in Figures 1(f)

and 1(g), indicating that we measure the diffusion halo (DR)
in a similar fashion to previous work on diffusion measure-

ments enabled by droplet epitaxy.8,10 DR is related to the dif-

fusion parameters by the following equation:8

DR ¼ ‘ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D0e

�EA
kBT 1=JAs

q
; (1)

where ‘ is the diffusion length (cm), D0 is the diffusivity pre-

factor (cm2/s), EA is the activation energy (eV), kB is

Boltzmann’s constant (eV/K), T is the droplet deposition

temperature (K), and JAs is the normalized As flux (ML/s).

Figure 2 shows the Arrhenius fit of our data to Equation

(1). As expected, we find that diffusion increases with

increasing temperature, and decreases with increasing As-

flux. Our work finds that the rate of change of the diffusion

length decreases above 300 �C, yielding “high temperature”

and “low temperature” diffusion parameters in addition to

the differences along the [011] and ½0�11� crystallographic
directions. The computed diffusion parameters are listed in

Table II. We find that the temperature variation and our

As-flux variation (performed right at the transition temper-

ature T¼ 300 �C) experiments yield parameters that are in

good agreement with each other. We extracted D0 from the

fitting parameter in the As-flux data by using the high tem-

perature values for EA, due to T300 having morphological

(Figure 1(d)) and surface reconstruction (Figures 4(c)

and 4(d)) characteristics of our other high temperature

samples.

To explore the dependence of the halo morphology on

temperature, we used AFM to analyze the height profiles of

the diffusion halos. Figure 3 shows the height of the diffu-

sion halos for temperatures ranging from 200 to 495 �C, with
the outer diameter of the halos normalized for viewing con-

venience. If the QDs are formed by a S-K growth process,

we can think of the diffusion halo region as a “wetting layer”

for QD formation. Previous work on the transition between

2D and 3D growth of InAs on a lattice-matched InGaAs/InP

surface found the critical thickness of the wetting layer

decreased dramatically with increasing deposition tempera-

ture.17 While the critical thickness for the formation of QDs

decreases with increasing temperature, Figure 3 shows the

thickness of the diffusion halo increased with increasing

temperature (T200, T250, and T300). At the droplet deposi-

tion temperatures above T¼ 300 �C, we see QD formation in

the diffusion halo. This is shown in the AFM images in

Figure 1 and is evident in the roughening of the T300, T400,

and T450 profiles in Figure 3. We can estimate the critical

thickness for S-K QD formation is somewhere between

6–8 nm for T¼ 300 �C, as T250 has a diffusion halo thickness

FIG. 2. (a) Diffusion length (DR) as a function of droplet deposition temper-

ature along the [011] and ½0�11� directions. Data are fit according to an

Arrhenius relationship derived by Bietti et al.8 Error bars indicate one stan-
dard deviation. A difference in fitting parameters above and below 300 �C
indicates a change in surface kinetics and a surface phase transition between

250 and 300 �C. (b) Diffusion length (DR) fit to normalized arsenic flux for

samples T300, F2, and F3, all grown at 300 �C.

TABLE II. Computed diffusion parameters from data in Figure 2. D0 for

As-flux experiments extracted from fitting parameter by using the high tem-

perature value for EA. Error on fitting parameters represents one standard

deviation on the fit, or 68% confidence values.

D0 (cm
2/s) EA (eV)

High-T [011]: 6.4(6 2.0)� 10�3 [011]: 0.556 0.02

½0�11�: 1.89(6 1)� 10�6 ½0�11�: 0.206 0.03

Low-T [011]: 9.1(6 7.7)� 10�2 [011]: 0.686 0.04

½0�11�: 2.4(6 1.8)� 10�3 ½0�11�: 0.546 0.03

As-Flux [011]: 6.5(6 5.0)� 10�3 …

½0�11�: 1.72(6 0.8)� 10�6 …

FIG. 3. Diffusion halo height for various droplet deposition temperatures,

measured just above the indium droplets and characterized by AFM. Profiles

plotted with the height’s zero level offset and the outer diameter normalized

to aid with comparison. Double arrows indicate approximate outer diameter

of each diffusion halo. In order from top to bottom: T200, T250, T300,

T400, and T500.
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of 5 nm and yields no QDs, and T300 has a thickness of

8–12 nm, with roughening due to QD formation.

We find the temperature that yields diffusion halos that

exceed S-K critical thickness is highly dependent on the

group-V flux as well. Although we see QD formation for

T300, we did not see QD formation in growth conditions

with reduced As-flux (F2 and F3) despite observing the high

temperature (2� 4) reconstruction. This indicates that the

changing diffusion coefficient observed in Figure 2 is pri-

marily due to the changing surface reconstruction and not

due to the onset of quantum dot formation.

The abrupt change in D0 and EA as a function of temper-

ature can be linked to a change in surface reconstruction.18

Figure 4 depicts RHEED reconstructions at two critical steps

in droplet epitaxy. Figures 4(a) and 4(b) show the [011] and

½0�11� reconstructions during indium deposition. A (4� 2)

reconstruction, indicating a metal-rich surface, is present

regardless of deposition temperature. Figures 4(c) and 4(d)

show the (2� 4) reconstruction during arsenic crystalliza-

tion, using T400 as an example. At droplet deposition tem-

peratures below 300 �C, a change in reconstruction occurs

during crystallization. Figures 4(e) and 4(f) show the (4� 3)

reconstruction, using T250 as an example. The (4� 3) recon-

struction is known to be typical for In0.53Ga0.47As/InP

growth.19

Mirecki Millunchick et al. explored a change in the sur-

face reconstruction of InGaAs on InP resulting from a

change in composition.19 STM images and RHEED recon-

structions showed lattice matched In0.53Ga0.47As/InP has a

(4� 3) reconstruction, when grown under conditions that

maintain layer-by-layer growth. Lattice mismatched structures,

such as In0.81Ga0.19As/InP, show a (2� 4) reconstruction, simi-

lar to bulk InAs or bulk GaAs. Xun et al.20 documents the

RHEED transitions for InGaAs on GaAs as a function of sub-

strate temperature, highlighting a transition from (4� 3)/

(n� 3) to (2� 4) under increasing As-overpressure. They attri-

bute these changes in surface reconstruction to indium segrega-

tion and eventually desorption. Regardless of mechanism, the

change in surface reconstruction that we see is indicative of a

change in surface kinetics.

During the droplet deposition step, the first monolayer

of deposited indium is consumed by the underlying InGaAs

layer, transforming it from an As-terminated to an indium-

terminated surface.21 We see evidence of this almost instan-

taneously with the RHEED, as the surface reconstruction

transitions to (4� 2) pattern immediately after the indium

shutter is opened. Next, the incident indium atoms diffuse on

the group-III terminated surface, colliding, accumulating,

and dispersing until they reach the critical cluster size and

become stable.21 Therefore, the surface density of the drop-

lets, their size, and their spacing could be related to a diffu-

sivity prefactor through classical nucleation theory.21,22

We measure the droplet density of our samples through

SEM imaging, as shown in Figure 5(a). Figure 5(b) depicts

the indium droplet density as a function of indium flux rate

for samples T200, F4, and F5. As expected, the droplet den-

sity increases with increasing indium flux, at T¼ 200 �C.
Figure 5(c) shows the surface density of droplets as a func-

tion of deposition temperature for samples. Previous work in

the literature has shown the formation of group-III metal

droplets on a III-V surface is highly temperature dependent24

and has an Arrhenius relationship at droplet deposition tem-

peratures below 300 �C.10,21

Most work involving nucleation theory is done with

T< 300 �C to deactivate many thermal processes. This is a

result of the diffusion coefficient being more complexly

related to temperature than it is for diffusion halo measure-

ments22 and the onset of cluster density evolution due to pro-

cesses like Ostwald ripening.21 However, Figure 5(c) shows

the droplet density as a function of deposition temperature

has an Arrhenius fit at temperatures above 300 �C. We saw a

(4� 2) surface reconstruction for all samples during the

droplet deposition step, as shown in Figures 4(a) and 4(b) for

T400. We also note that we do not find a difference in our fit

due to coarsening by Ostwald ripening that has been

observed in gallium droplet epitaxy on GaAs substrates.21

This is consistent with previous work on indium droplet epi-

taxy on InP up to 300 �C.10 Further investigation on nucle-

ation theory may be able to relate the fitting parameters

shown in Figure 5(c) to a diffusivity prefactor to analyze the

cation diffusion parameters on the indium rich (4� 2) sur-

face. As Figure 2(a) shows that diffusion is highly dependent

on surface reconstruction, it would be of interest to analyze

any change in diffusion parameters that arise during the dif-

ferent steps of MBE growth.

FIG. 4. RHEED reconstruction of samples along [011] and ½0�11� azimuthal

directions. (a) and (b) (4� 2) reconstruction from T400 during indium drop-

let deposition, present for all droplet deposition temperatures. (c) and (d)

(2� 4) reconstruction of T400 sample during arsenic crystallization. (e)–(f)

(4� 3) reconstruction from T250 sample during As crystallization.

Reconstruction appears to change around the temperature where the diffu-

sion coefficients change.
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Table III compares our work to previous experiments on

diffusion parameters in the literature. Early work in this field

used a variety of methods to extract diffusion parameters

ranging from completely theoretical examinations26–28 to

complex scanning tunneling microscopy (STM) experi-

ments.27 Since 2014, more groups have explored droplet epi-

taxy as a method to extract important diffusion parameters.

However, most previous work explored droplet deposition

temperatures below 350 �C, significantly lower than the bulk

material growth temperature. We find that our work aligns

well with the work of Fuster et al.10 and Noda et al.11

although we see a significantly faster diffusion rate along the

[011] direction in both the high-T and low-T cases. For the

[011] direction, our work falls closer to that of Bietti et al.8

in terms of both D0 and EA. The direction of anisotropy in

our structures is consistent with previous work of indium dif-

fusion in InGaAs strained on GaAs11,16 and low-temperature

work of droplet epitaxy of indium on InGaAs/InP,12 but

the opposite direction of the reported work with indium dif-

fusion directly on InP.10 Previous studies on the reconstruc-

tion of InP(001) under As-overpressure at temperatures

above 350 �C show a (4� 2) surface reconstruction. This

is the opposite orientation of the surface reconstructions

we see at high droplet deposition temperatures (shown in

Figure 429,30), further confirming the influence of surface

reconstruction on diffusion parameters. This change in

anisotropy shows that researchers can influence both the

magnitude and direction of cation surface diffusion by

choice of growth conditions that manipulate the surface

reconstruction.

IV. CONCLUSIONS

By employing droplet epitaxy as our deposition tech-

nique, we successfully extracted the surface diffusion param-

eters for indium on the surface of In0.53Ga0.47As/InP(100) in

an As2-rich environment, as well as analyzed the nucleation

FIG. 5. (a) SEM image of T400. (b) Droplet density per surface area as a

function of indium flux during the droplet deposition step. (c) Droplet den-

sity per surface area as a function of droplet deposition temperature. Data fit

the Arrhenius relationship for nucleation theory.21,23

TABLE III. Examples of diffusivity prefactors and activation energies in literature, shown in chronological order.

References Material system D0 (cm
2/s) EA (eV) Method

25 GaAs/GaAs 0.85(� 3.886 1)� 10�5 1.36 0.1 RHEED

26 GaAs/GaAs 1.637� 10�5 0.101 Simulation

InAs/GaAs 1.251� 10�5 0.073

27 GaAs/GaAs 0.2 1.06 0.1 Simulation/STM

28 InAs/InGaAs/GaAs 10�4–10�5 [110]: 0.8–1.0 Simulation: KMC

½1�10�: 0.4–0.9 and DFT

11 InAs/GaAs (not provided) [011]: 0.34 Droplet epitaxy

½0�11�: 0.21
8 GaAs/GaAs 0.53(� 2.161) 1.316 0.15 Droplet epitaxy

10 InAs/InP [011]: 1.5(6 0.4)� 10�6 [011]: 0.286 0.01 Droplet epitaxy

½0�11�: 0.4(6 0.14)� 10�6 ½0�11�: 0.256 0.02

Our work InAs/InGaAs/InP High-T High-T Droplet epitaxy

[011]: 6.4(6 2.0)� 10�3 [011]: 0.556 0.02

½0�11�: 1.89(6 1.0)� 10�6 ½0�11�: 0.206 0.03

Low-T Low-T

[011]: 9.1(6 7.7)� 10�2 [011]: 0.686 0.04

½0�11�: 2.4(6 1.8)� 10�3 ½0�11�: 0.546 0.03
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density as a function of droplet deposition temperature as a

link to surface diffusion on a metal-rich surface. In the As2-

rich environment, we identified two different regimes of dif-

fusion behavior above and below the droplet deposition tem-

perature of 300 �C. A change in the RHEED reconstruction

around this droplet deposition temperature signaled a change

in the surface kinetics. The onset of the QDs in the diffusion

halo at 300 �C appeared to be a result of a S-K growth pro-

cess, with the diffusion halos acting as a wetting layer and

reaching the critical thickness to form quantum dots. Next,

we employed nucleation theory to discuss group-III cation

diffusion on a metal-rich surface using droplet epitaxy and

nucleation theory. We showed that droplet surface density as

a function of temperature has an Arrhenius fit and does not

show behavior indicative of Ostwald ripening, even at a

maximum droplet deposition temperature of T¼ 495 �C.
This is in good agreement with previous droplet epitaxy

work of In/InP up to 350 �C. Finally, we compiled previous

surface diffusion measurements in the literature and com-

pared the magnitude of cation surface diffusion as well as

preferred diffusion direction on different III-V surfaces. By

employing an experiment that isolates one cation’s diffusion

parameters in a mixed group-III ternary material, we develop

a path to better understanding the factors behind phase sepa-

ration in MBE grown III-V materials.
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