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The properties of InAsxP1�x compositionally graded buffers grown by metal organic chemical

vapor deposition are investigated. We report the effects of strain gradient (e/thickness), growth

temperature, and strain initiation sequence (gradual or abrupt strain introduction) on threading

dislocation density, surface roughness, epi-layer relaxation, and tilt. We find that gradual

introduction of strain causes increased dislocation densities (>106/cm2) and tilt of the epi-layer

(>0.1�). A method of abrupt strain initiation is proposed which can result in dislocation

densities as low as 1.01� 105 cm�2 for films graded from the InP lattice constant to

InAs0.15P0.85. A model for a two-energy level dislocation nucleation system is proposed based on

our results. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871289]

I. INTRODUCTION

Compositionally graded buffers of various alloys have

allowed for low defect density lattice-mismatched devices to

be integrated on a variety of substrates.1–4 In the past decade,

research on InAsxP1�x graded buffers has provided for the

development of thermophotovoltaics, infrared photodetec-

tors, and high-speed electronics on InP.5–7 These applica-

tions rely on the low band gap and high electron mobility of

InyGa1�yAs alloys latticed matched to various compositions

of InAsxP1�x. Since the lattice constants of the InyGa1�yAs

compositions of interest are not matched to any binary alloy

substrates, InAsxP1�x graded buffers are used to create low

defect density virtual substrates for the InyGa1�yAs device

structures. Other alloy choices which span the same range of

lattice constants are InyGa1�yAs or InzAl1�zAs. However,

both of these alloys suffer from issues of phase separation

(resulting from the solution of In with Ga or Al on the

group-III sub-lattice) which make it more difficult to fabri-

cate the high quality buffers required.8 InAsxP1�x does not

phase separate since it is a mixed group-V alloy. In this arti-

cle, we document the development of high quality InAsxP1�x

compositionally graded buffers grown by metal-organic

chemical vapor deposition (MOCVD).

While many previous studies have employed InAsxP1�x

graded buffers, only a few have discussed the quality and

defect densities produced by these structures.5,8 We present

a discussion and detailed analysis of the relaxation process

in InAsxP1�x linearly graded buffers on InP. Our results

show evidence of asymmetric relaxation in the low arsenic

(x< 0.2), initial layers of the graded buffer and suggest a dis-

location nucleation process which must be avoided to

achieve a low defect density structure. We show that the way

strain is introduced during the initial graded buffer steps

plays a critical role in the final threading dislocations density

(TDD). We propose a method to promote the nucleation of

dispersed threading dislocations. We show that this method

results in lower TDD and surface roughness of the final

graded buffer cap layer.

II. METHODS

A. Growth

Epitaxial growth was done in a Thomas-Swan close-

coupled showerhead metal-MOCVD reactor. Chemical

reactants were trimethyl-indium, arsine, and phosphine.

The group V to group III reactant (V/III) ratio was 160 or

320. The substrates were semi-insulating (001) on-axis InP

purchased from AXT, Inc. All growths were conducted

with N2 carrier gas as the ambient at a growth pressure of

100 Torr. All epitaxial processes began with a 500 nm

homoepitaxial InP layer. Two methods of compositional

grading were used. In linearly graded buffers, the

InAsxP1�x composition was continually graded from InP

towards InAs by computer-controlled reactant flow

changes. In step-graded buffers, the composition was incre-

mented in 2 %As steps and the thickness of these layers

determined the average strain gradient (SG). The strain gra-

dient for all structures was approximately 0.5 % strain/lm

(except where noted otherwise). The final layer in the struc-

ture was a 1 lm layer of InAsxP1�x with a composition

matching the last layer in the graded buffer. This capping

layer makes the observation of threading dislocations in

plan-view transmission electron microscopy (TEM) easier

since it prevents misfit dislocations from obscuring the field

of view. The growth time of the cap layer also provides

additional time for the underlying film to relax. Cooling

from the growth temperature to 350 �C was done under an

overpressure of arsine and phosphine to prevent any degra-

dation of the sample surface due to the evaporation of the

group V species.

Table I provides a summary of the experiments and the

parameters of each sample used in the studies. Three sets of

experiments were implemented to determine the effects of

a)Author to whom correspondence should be addressed. Electronic mail:

jandl@mit.edu
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growth temperature (Temp), SG, and strain initiation (SI)

sequence on threading dislocation density, nucleation, and

surface roughness. Each experimental set consisted of graded

buffers grown with the variation of one design parameter. At

growth temperatures of 650 �C, a V/III ratio of 160 was

used, but at temperatures above 650 �C a greater V/III ratio

of 320 was used. The greater V/III ratio at higher tempera-

tures was needed to compensate for the increase in the phos-

phorus vapor pressure with temperature. Growth rates for all

temperatures were between 0.35 and 0.54 nm/s. For the

growth temperature experimental set, the growth tempera-

tures ranged from 650 �C to 700 �C in 25 �C increments and

the graded buffers were step graded to 15 %As. For the strain

gradient experiments, the composition was linearly graded

from 0 %As to 40 %As while the thickness of the graded

buffer was adjusted to vary the strain gradient between

0.33 %strain/lm to 1.37 %strain/lm. In the strain initiation

experiments, the misfit of the initial layer was varied

between 0.16 % (5 %As) and 0.51 % (15 %As). The thickness

of this initial layer was such that all structures had the same

final thickness. After the initiation layer, the structures were

step graded to 15 %As. All structures in the strain gradient

and strain initiation experimental sets were grown at 650 �C.

B. Analysis

Samples in these experiments were analyzed by TEM,

high resolution x-ray diffraction (HRXRD), and atomic force

microscopy (AFM) to measure the material properties (lat-

tice constant, composition, residual strain, crystallographic

tilt, dislocation density, and surface roughness) and experi-

mental variables (thickness and lattice mismatch to InP).

Cross-sectional TEM (XTEM) was used to measure the

layer thicknesses and plan-view TEM (PVTEM) was used to

measure the threading dislocations density (#/cm2) by

directly counting the dislocations in a minimum of thirty five

(35) randomly selected fields of view (a total minimum of

690 lm2) of the final epilayer. The 95 % confidence intervals

for the threading dislocation density measurements were cal-

culated using the sample standard deviation of the disloca-

tion population from the PVTEM images and Student’s T

distribution. It should be noted that XTEM cannot provide

an accurate value for the TDD since only a very small area

of the sample is observed compared to the observable areas

in PVTEM. TEM samples were prepared by manual mechan-

ical grinding and polishing followed by Arþ ion milling.

Since the films contain indium, it was necessary to use two

milling steps at 3 kV and 2 kV or less. The latter step helps

to remove the indium rich droplets that form during the for-

mer step. Images were collected with a JEOL 2011 micro-

scope operating at 200 kV.

A relationship between the threading dislocation density,

strain rate, and dislocation glide velocity has been previously

reported by Fitzgerald et al. and Yang et al.2,3,9,10 Their theory

predicts the number of threading dislocations which must be

nucleated in a graded buffer for a constant growth rate, strain

gradient, and glide velocity. Since the growth rate and strain

gradient are both experimental parameters, a proportionality

between the dislocation density and glide velocity is given by

q ¼ 2Cf gr

bv
; (1)

where q is the threading dislocation density, Cf is the strain

gradient, gr is the growth rate, and v is the dislocation glide

velocity. The in-plane Burgers vector is represented by b and

is equivalent to 0.707a (a being the relaxed lattice constant).

Glide velocity is a temperature dependent quantity, so Eq.

(1) can be written as

q ¼ 2Cf gr

bvo
ref f

ro

� �m

e
�Ea
kbT

; (2)

where vo is a constant prefactor, m is a power factor which

depends on the material system, reff is the effective shear

stress acting on the dislocations, ro is a constant to remove

the stress dimensions from the equation, Ea is the activation

energy for nucleation glide, kb is Boltzmann’s constant, and

T is the temperature.

Symmetric (004) and asymmetric (224) HRXRD recipro-

cal space maps (RSM) were used to calculate the composition

TABLE I. Growth and experimental parameters of the InAsxP1�x Compositionally Graded Buffers.

Study

Growth

temperature ( �C)

Strain gradient

(%e/lm)

Grading

method

Initial

misfit (%)

Cap composition

(%As) V/III

TDD

(#/cm2)

RMS surface

roughness 5 � 5 lm/

25 � 25 lm (nm)

SG 650 0.53 Linear 0.0 37 160 3.29 � 106 2.4 / 4.84

SG 650 0.33 Linear 0.0 44 160 1.63 � 106 0.3 / 4.81

SGa 650 0.41 Linear 0.0 39 160 2.95 � 106 1.0 / 4.26

SG 650 1.37 Linear 0.0 38 160 5.9 � 106 1.7 / 5.22

SG 650 … … 0.0 39 160 7.34 � 108 35.4 / 36.7

Temp., SIb 650 0.55 Step 0.0 16 160 3.33 � 106 1.4 / 3.8

Temp. 675 0.48 Step 0.0 14 320 1.30 � 106 0.5 / 4.3

Temp. 700 0.48 Step 0.0 14 320 7.20 � 105 0.6 / 3.8

SI 650 0.51 Step 0.16 15 160 1.27 � 105 0.6 / 3.2

SI 650 0.55 Step 0.34 16 160 1.01 � 105 0.3 / 1.7

SI 650 0.55 Step 0.53 16 160 1.88 � 106 0.4 / 1.9

aSG: strain gradient.
bSI: strain initiation.

153503-2 Jandl et al. J. Appl. Phys. 115, 153503 (2014)
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and residual strain in the cap layers and the crystallographic

tilt which may have developed during the growth of the

graded buffer. A Bruker D8 diffractometer using radiation

from the Cu Ka1 transition and a linear array detector were

used to create the RSMs. To calculate the strain in the [100]

and [010] directions, two sets of RSMs were collected with

the (110) and (1�10) diffraction planes, respectively. The re-

ciprocal space coordinates in this paper are defined such that

q 004ð Þ
x ¼ 0 Å

�1

q 004ð Þ
z ¼ 40

a 001ð Þ
Å
�1
;

(3)

where a(001) is plane spacing between the (001) planes, which

will be denoted as a3, and is the plane spacing for the planes

nearly perpendicular to the wafer’s surface normal direction

(neglecting the change in orientation due to epi-layer tilt or

unintentional miscut of the substrate). Additionally, a1 and a2

will indicate the plane spacing of the (100) and (010) planes

as determined by the reciprocal lattice maps along the [1�10]

or [110] directions.

Correction of the position of the reciprocal lattice points

(RLP) due to tilt and substrate mis-alignment (due to any

unintentional offcut or goniometer configuration) followed

the methods of Roesener et al.11 Tilt of the epilayers, c, was

determined directly from the RSMs by

tanðcÞ ¼ Dq 004ð Þ
x

20
as
� jDq 004ð Þ

z j
; (4)

where as is the relaxed lattice constant of the substrate and

Dqi is the difference in between the film peak and substrate

peak for the referenced coordinate. The observed epilayer

RLP could then be corrected to the true RLP by a rotation of

the observed RLP (but not the substrate RLP) about the ori-

gin through the angle c. The true lattice constants of the

epi-layers could then be determined from the tilt corrected

RLP by (all further references to the qx and qz coordinates

assumes the tilt corrections)

a1;2 ¼ as 1� Dqð224Þ
x

20
ffiffiffi
2
p

as
þ Dqð224Þ

x

0
B@

1
CA

a3 ¼ as 1� Dq 004ð Þ
z

40

as
þ Dq 004ð Þ

z

0
B@

1
CA: (5)

These measurements and methods of tilt corrections were

performed independently for the RSMs collected along the

[1�10] or [110] directions.

Once the lattice constants are known, three independent

strains can be determined by

ei ¼
aR � ai

aR
; i ¼ 1; 2; 3: (6)

By using Hooke’s law under plane stress conditions, r3¼ 0,

the relaxed lattice constant, aR, can be found with

aR ¼
c11

c11 þ 2c12

a3 þ
c12

c11 þ 2c12

a1 þ a2ð Þ (7)

and the elastic constants, cij, are determined by the epi-layer

properties. The relaxation of the epi-layer is then defined as

Ri ¼
ai � as

aR � as
; i ¼ 1; 2: (8)

The average relaxation of the epi-layer can be calculated as

the geometric average of the relaxations found in Eq. (8) as

shown by Roesener et al. (Ref. 11)

�R ¼ 1

2
R1 þ R2ð Þ: (9)

A Nanoscope IV AFM measured the root-mean-square

(RMS) roughness of the samples. Two scan sizes were used,

5� 5 lm and 25� 25 lm. The former can image the bunch-

ing of atomic steps at the surface while the latter images the

cross-hatch morphology. The cross-hatch morphology is a

result of dislocation pile-ups, which create deep trenches, or

the strain fields emanating from the misfit arrays in the

graded buffer, which create small amplitude ripples.2,12

III. RESULTS

Figures 1 and 2 show typical XTEM images of linear

and step graded buffers, respectively. XTEM imaging used

either the h110i pole condition (not pictured) or the bright

field h220i two-beam condition. The former is the proper

alignment for thickness measurements, while the latter gives

improved contrast to the dislocations in the structure. XTEM

micrographs were used to confirm the layer thickness of the

cap and entire graded layer. The average strain gradient was

calculated once the cap composition was measured by

HRXRD.

HRXRD RSMs of linearly graded buffers revealed dis-

tinctive features of InAsxP1�x buffers. Figure 3 shows a typi-

cal RSM for these structures. The map shows that tilt (Eq. (4))

initially develops in the graded buffer but is abruptly halted

FIG. 1. Typical cross-sectional TEM micrograph of a linearly graded

InAsxP1�x buffer imaged with the 220 two-beam diffraction condition. The

thin dark lines running nearly horizontal are misfit dislocations. No thread-

ing dislocations are observed in the cap layer. The image was edited with

non-linear brightness and contrast layers in addition to sharpening effects to

enhance the visibility of the dislocations.

153503-3 Jandl et al. J. Appl. Phys. 115, 153503 (2014)
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when the composition reaches 15–20 %As. Tilt is often

observed in graded buffers and results from an imbalanced

population of the type of Burgers vectors possessed by the

misfit dislocations.13 Since the nature of the tilt changed, it

implies a dislocation nucleation event occurred which

changed the balance of the dislocation population.

The threading dislocation density and surface roughness

were measured for samples grown at temperatures between

650 �C and 700 �C. The purpose of these experiments was to

determine how dislocation nucleation and glide were

affected by the growth temperature. As the temperature was

increased from 650 �C, the threading dislocation density

decreased toward a minimum at 700 �C (Figure 4). Equation

(2) was fit (with Cf¼ 0.4 %strain/lm, gr¼ 0.4 nm/s, and

a equal to the InP lattice constant) to the data to determine

the activation energy for dislocation glide. This energy was

found to be 1.3 eV. The surfaces of all samples were slightly

roughened due to the formation of cross-hatch morphology

or dislocation pile-ups (Figure 5).

Figure 6 shows the threading dislocation density of the

strain initiation experimental set. The dislocation density

decreased by more than an order of magnitude when a strain

initiation layer of either 5 or 10 %As was used (0.16 % and

0.34 % misfit, respectively). When the initial misfit was

increased, to 15 %As (0.53 % misfit), the dislocation density

increased to an amount similar to the graded buffer which

did not have abruptly initiated strain. The surface roughness

FIG. 2. Typical cross section TEM micrograph of a step graded InAsxP1�x

buffer imaged with the bright-field 220 two-beam diffraction condition. The

thin dark lines running nearly horizontal are misfit dislocations.

FIG. 3. HRXRD RSM of the symmetric 004 reciprocal lattice point of a

typical, linearly graded, InAsxP1�x buffer. The small peak at the top of the

figure is the InP substrate and the broader peak at the bottom of the figure is

the InAs0.36P0.64 cap. The intensity between these peaks was diffracted by

the graded buffer layer. In the initial layers of the graded buffer tilt (Eq. (4))

develops in the negative qx direction but abruptly stops developing when the

composition is between 15–20 %As. The color scale is logarithmic.

FIG. 4. The threading dislocation density as a function of the growth tem-

perature was measured by PVTEM. Increasing the temperature from 650 �C
to 700 �C decreased the threading dislocation density by about one order of

magnitude. The V/III ratio was 160 at 650 �C and 320 for temperatures of

675 �C and above. The 95 % confidence intervals fall within the markers for

the data. Equation (4) is fit to the data with Ea¼ 1.3 eV which is slightly

lower than the values reported for InP and InAs by Yonenaga et al.14

FIG. 5. AFM measurements of the root mean square surface roughness for

structures with different growth temperatures. The V/III ratio was 160 at

650 �C and 320 for temperatures of 675 �C and above.

FIG. 6. The threading dislocation density in the cap layer for the three struc-

tures which had abruptly initiated strain and for one structure which was

step graded from 0 %As (plotted as having 0 % initial misfit). The 95 % con-

fidence intervals fall within the markers for the data.

153503-4 Jandl et al. J. Appl. Phys. 115, 153503 (2014)
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(Figure 7) did not follow the same trend; however, the mini-

mum surface roughness was still observed when the initial

misfit was 0.53 %. The roughness for all structures which

had abrupt strain initiation was lower than for the structure

which had gradual strain initiation. Although the differences

in surface roughness were not large, the trend implied that

the mechanism of surface roughening was reduced by the ab-

rupt strain initiation.

HRXRD of the strain initiation experimental set indi-

cated a difference in the dislocation nucleation and relaxa-

tion process of the abruptly initiated graded buffers.

Figure 8 shows the RSMs of the four structures included in

the strain initiation experimental set and the absolute value

of the tilt (Eq. (4)) of the cap layer which was measured

from the RSMs. Together, these plots show that the tilt

decreased as the initial misfit increased. The reduction in

tilt suggested that the population of Burgers vectors which

were created during the dislocation process were becom-

ing more evenly distributed between the eight (8) possible

glissile orientations allowed in a compressively strained

film. Additionally, Figure 9 shows that the average relaxa-

tion in the cap layers increased with the initial misfit. This

implied that there was less impediment to the glide of the

threading dislocations during the relaxation of these

structures.

By measuring the threading dislocation density as a

function of the strain gradient, the average glide velocity

could be estimated. Plotting Eq. (1) with glide velocities of

0.1 – 0.8 lm/s (Cf¼ 0.4 %strain/lm, gr¼ 0.4 nm/s, and a
equal to the InP lattice constant) shows an appropriate range

of values (Figure 10). A sample which intentionally lacked a

graded buffer was used for a comparison. All the samples

were grown at 650 �C to a final composition of approxi-

mately InAs0.4P0.6 confirmed by HRXRD. The thickness of

the graded buffers was measured with XTEM. The thickness

and composition allowed for the strain gradient to be

calculated.

IV. DISCUSSION

Fitting Eq. (2) to the experimental data in Figure 4

allowed us to determine the activation energy of 1.3 eV for

glide in the InAsxP1�x material system. This value is slightly

lower than the activation energies reported by Yonenaga for

FIG. 7. AFM measurements of the root mean square surface roughness for

various initial misfits. For the 0 % initial misfit sample, the composition was

step graded from the InP lattice constant without an abrupt strain layer. The

legend indicates the dimensions of the measured region.

FIG. 8. (a) RSM with a (110) diffraction plane of a step graded InAsxP1�x buffer. (b)–(d) RSMs with a (110) diffraction plane of step graded buffers with ab-

rupt strain initiation. The additional peak observed between the cap layer and substrate layer in (b) and (c) can be used to calculate the lattice constant and com-

position of the initiation layer. The structure measured in (d) was intentionally initiated at the same composition as the cap, so the initiation and cap layers are

contained in the same peak. (e) The absolute value of the tilt (Eq. (4)) of the cap layer for the 4 structures measured in (a-d). The tilt values for (a) are plotted

as having 0 % initial misfit. The crystallographic directions indicated in the legend refer to the diffraction plane normal used during the collection of the RSMs.

Tilt was recorded as defined by Ref. 11.

FIG. 9. The average relaxation as a function of the initial misfit in the graded

buffer. HRXRD measured the relaxation in two perpendicular h100i direc-

tions and the average relaxation was calculated with Eq. (9). For the 0 % ini-

tial misfit sample, the composition was step graded from the InP lattice

constant without an abrupt strain layer.

153503-5 Jandl et al. J. Appl. Phys. 115, 153503 (2014)
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a and b dislocations in InP and InAs.14 Since the values for

vo or the stress factors are not individually known, but are

constant given a constant strain rate, only the product can be

fit. This stress adjusted velocity factor should be of order

105 – 106 cm/s as shown by Fitzgerald et al. (who estimated

that the Young’s Modulus is of order 105 MPa, and eeff is of

order 10�4 for a SiGe compositionally graded system, but

the same values are applicable to the InAsxP1�x system) but

was determined to be of order 10 cm/s.10 This reduction in

glide velocity is a result of reduced effective stress caused by

an impediment to dislocation motion.10 The most probable

cause of the reduced glide velocities is dislocation pile-ups

which would also explain the increased surface roughness

(Figure 5) observed in these structures.

Equation (1) can explain the results in Figure 10 and

again suggests that dislocation glide is being restricted. A fit

of the data is not reasonable, since the dependence of the

effective stress on the strain gradient is unknown. Instead, a

range of glide velocities can be plotted to bound the esti-

mate of v. The range of appropriate glide velocities is

0.1 – 0.8 lm/s. This range was less than the glide velocities

for GaAswSb1�w reported by Yang et al. (Ref. 3), and InP or

InAs reported by Yonenaga et al. (Refs. 15 and 16). These

lower glide velocities indicate that the dislocation motion

was being impeded, and was again prescribed to the presence

of dislocation pile-ups. Since the formation of pile-ups

depends on the dislocation nucleation process, we considered

the nucleation process in greater detail.

From the HRXRD RSMs (Figure 3) of the linearly

graded buffer, there appeared to be two stages of dislocation

nucleation. Initially, the graded buffer developed tilt which

indicated that the Burgers vectors were not equally distrib-

uted between the eight possible glissile orientations. The

structure continued to tilt until the composition was between

15 and 20 %As. At this point, tilt stopped developing which

suggested a sudden nucleation event had occurred to balance

the population of Burgers vectors among the possible orien-

tations. Since the orientation of the existing Burgers vectors

could not have been redistributed nor eliminated, the total

number of dislocations in the structure must have increased

by a large amount to make the original imbalance of

orientations insignificant. A two energy level model for the

dislocation nucleation process was created to explain the

observations of initial epilayer tilt, two stage nucleation, and

reduced dislocation glide velocities. In the model, there are

two types of sites (corresponding to the two nucleation

events), one with low activation energy and density (#/area)

of nucleation sites and the second has a higher activation

energy and density (Figure 11). Before continuing with a dis-

cussion of the results, a brief explanation of this hypothesis

is provided.

Since a majority of the film area may lack the lower

activation energy sites, the model can be explained as con-

sisting of three phase of relaxation of InAsxP1�x graded buf-

fers: strain initiation, primary nucleation, and secondary

nucleation. During the strain initiation phase (shown left of

the grey, dashed line in Figures 11(a) and 11(b)), the strain

energy in the film is below the activation energy for nuclea-

tion so the strain energy continues to increase as a function

of both the thickness and increasing misfit. Once the strain

energy reaches the lower activation energy (the red line in

Figure 11), the primary nucleation phase begins but only at a

FIG. 10. Experimental data and theoretical fit of graded buffers with differ-

ent strain gradients. The error bars are 95% confidence intervals and fall

inside the markers for most of the data points. Equation (1) is plotted with

two glide velocities, as noted in the legend. The sample labeled “No Buffer”

intentionally lacked any graded buffer and was used as a point of compari-

son. This point was not included in the dataset when fitting.

FIG. 11. Schematic diagram showing the strain and activation energies as a

function of thickness for three proposed situations during the growth and

relaxation of InAsxP1�x graded buffers. Red and blue lines indicate the rela-

tive activation energies of the two nucleation sites discussed in the text. The

green curve represents the strain energy of the film during growth. Parts (a)

and (b) occur simultaneously during growth when strain is gradually intro-

duced in the graded buffer. Part (c) occurs only during abrupt strain initia-

tion. The key feature of the abrupt initiation sequence is the activation of

both low and high energy activation sites allowing for a more uniform dislo-

cation population.
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few sites throughout the film area. Dislocations which are

nucleated from regions similar to Figure 11(a) will then

glide away from the low density nucleation sites towards

the regions similar to Figure 11(b), which cannot yet nucle-

ate dislocations. These later regions continue to experience

an increase in the strain energy but at a lower rate. This

phase is pictured as just to the right of the grey, dashed line

in Figure 11 and continues until the sharp drop of the strain

energy. The final phase of secondary nucleation begins when

the strain energy in regions with only high activation energy

sites are able to begin nucleation. At this point, the entire

film can relax at the same rate and the steady-state implied

by Eq. (2) is established.

The consequences of this three phase nucleation process

can explain the lower glide velocities, tilt, surface roughness,

and RSMs observed in the linearly graded buffers. Since

nucleation from the low energy sites is likely to be from par-

ticles or wafer edges, the dislocations are likely to have the

same Burgers vector and be aligned along a few h110i direc-

tions (Refs. 17–19) which could lead to tilt of the epi-layers,

surface roughness and lower glide velocities from dislocation

pile-ups (Ref. 12).

If nucleation from the sites with a higher density could

be promoted over the low density sites, then it is possible

that a more spatially uniform distribution of dislocations

would be created (Figure 11(c)). This reduces the probability

for dislocation interactions and ultimately reduces the

threading dislocation density. The strategy to nucleate a

more uniform population of dislocations, that we investi-

gated here, has been employed previously by Vineis et al.
but has not been discussed in the literature.20 Erdtmann et al.
have shown how an initially greater density of dislocations

can allow for faster strain gradients and lower threading dis-

location densities in the final film.21

To promote nucleation from the higher activation

energy sites, we increased the rate at which strain energy

accumulates in the initial phase. In these experiments, we

grew a constant composition layer directly on the substrate.

The goal was to rapidly raise the strain energy above the

higher activation energy and site density level. While such

a high strain energy would allow for nucleation from both

the low and high density sites, it may still favor the high

density sites. Since dislocations nucleated at the low den-

sity sites would be highly localized, they would require

some amount of time to glide and relax the film. Therefore,

regions far from the low energy sites would be able to nu-

cleate dislocations from the high energy sites earlier. Since

this would lower the strain energy in a majority of the film

area, nucleation would only be active for a short time. Once

dislocations are present in the film, any amount of addi-

tional strain can be relaxed by glide of the dislocations. The

dislocations nucleated at the higher energy level are likely

to be created at surface steps which means that they are

unlikely to have the same Burgers vectors or glide planes.22

This should substantially reduce the formation of disloca-

tion pile-ups and epi-layer tilt. Ideally, the population of

dislocations nucleated would be controlled to a number just

sufficient to relax the film given a strain gradient and

growth rate (Eq. (2)).

By initiating layers with increased misfit, the final

threading dislocation density was reduced. Figure 6 shows

that having an initial misfit of either 0.16 % or 0.34 %

decreased the dislocation density by about an order of mag-

nitude compared to the other structures in the same set.

Additionally, structures which had abrupt strain initiation

had decreased surface roughness (Figure 7), decreased tilt

(Figure 8), and increased relaxation of the cap layer (Figure

9) compared to the structure which had gradually initiated

strain. These results suggest that there is no favored orienta-

tion of Burgers vectors and dislocation pile-ups are not cre-

ated and therefore do not interrupt the glide of threading

dislocations. Additionally, we conclude that nucleation of

dislocations in the InAsxP1�x abruptly initiated graded buf-

fers follows a process similar to Figure 11(c) as opposed to

the processes of Figures 11(a) and 11(b).

V. CONCLUSION

We have investigated the relaxation and dislocation

nucleation processes in InAsxP1�x compositionally graded

buffers. The results show that gradually initiated strain in the

graded buffer layers leads to the development of tilt and

eventually a large dislocation nucleation event. Reduced dis-

location densities, tilt, and surface roughness as well

increased relaxation can be achieved by initiating the graded

buffer layer with a strained layer as high as 0.34 %. The ini-

tial strain in this layer promotes the nucleation of disloca-

tions throughout the epi-layer and prevents the formation of

dislocation pile-ups. Additionally, favorable results were

obtained at higher growth temperatures. These results show

that the InAsxP1�x material system provides a low defect

density platform for the development of minority carrier

devices.
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