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(57) ABSTRACT 

A method of forming a semiconductor structure including 
providing a single crystal semiconductor substrate of GaP, 
and fabricating a graded composition buffer including a 
plurality of epitaxial semiconductor InX(A1yGa1_y)1_XP alloy 
layers. The buffer includes a ?rst alloy layer immediately 
contacting the substrate having a lattice constant that is 
nearly identical to that of the substrate, subsequent alloy 
layers having lattice constants that differ from adjacent 
layers by less than 1%, and a ?nal alloy layer having a lattice 
constant that is substantially different from the substrate. 
The groWth temperature of the ?nal alloy layer is at least 20° 
C. less than the groWth temperature of the ?rst alloy layer. 
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METHOD OF PRODUCING DEVICE QUALITY 
(A1) INGAP ALLOYS ON LATTICE-MISMATCHED 

SUBSTRATES 

PRIORITY INFORMATION 

[0001] This application claims priority from provisional 
application Ser. No. 60/109,619 ?led Nov. 24, 1998. 

BACKGROUND OF THE INVENTION 

[0002] The invention relates to the ?eld of producing 
device quality (Al)InGaP alloys on lattice-mismatched sub 
strates. 

[0003] Epitaxial graded composition buffers of InXGa1_XP 
on GaP substrates (InXGa1_XP/GaP) are promising substrates 
for high performance optoelectronic devices. InXGa1_XP 
alloys With large bandgaps that are dif?cult or impossible to 
achieve lattice-matched to GaAs substrates can be groWn on 
graded buffers, providing direct bandgap emission of the 
critical green to orange Wavelengths that lie betWeen the 
capabilities of GaN-based and GaAs-based light emitting 
diode (LED) and laser diode technologies. InXGa1_XP/GaP 
substrates are also inherently transparent to devices groWn 
on them, Which roughly doubles light extraction efficiency in 
LEDs compared to absorbing substrates such as GaAs. The 
transparency of InXGa1_XP/GaP has also been used to pro 
duce negative electron af?nity GaAs and InGaAs photocath 
odes that operate in transmission mode, and a variety of 
other optoelectronic detectors and modulators can be envi 
sioned to take advantage of a transparent semiconductor 
substrate. Furthermore, GaP is nearly lattice-matched to Si, 
so InXGa1_XP/GaP is one natural choice for integrating 
compound semiconductor devices on Si substrates. 

[0004] Graded buffers are groWn to ef?ciently relieve 
lattice-mismatch strain betWeen substrates and ?lms of 
differing lattice constants. For most optoelectronic device 
applications, direct bandgap compositions of InXGa1_XP are 
desired. The >2% lattice-mismatch betWeen GaP and direct 
bandgap compositions of InXGa1_XP results in heavily defec 
tive single heterostructures, due to the large and abrupt 
introduction of strain at one interface. A graded buffer of 
InXGa1_XP/GaP on GaP sloWly introduces strain over many 
interfaces, Which minimiZes dislocation interactions, main 
tains a loW state of strain, and minimiZes dislocation nucle 
ation during groWth. Consequently, graded buffers typically 
have orders of magnitude loWer threading dislocation den 
sities than single heterostructures. 

[0005] The groWth of InXGa1_XP/GaP has been studied for 
decades using a variety of groWth techniques, including 
hydride vapor phase epitaxy (HVPE), gas-source molecular 
beam epitaxy (GSMBE), and metal-organic vapor phase 
epitaxy (MOVPE). Early HVPE experiments With 
InXGa1_XP/GaP and GaAsXP1_X/GaAs established some of 
the basic principles of dislocation dynamics in graded buff 
ers. Since then, visible LEDs have been demonstrated on 
InXGa1_XP/GaP. HVPE has been used to produce LEDs 
operating at Wavelengths from 565 nm to 650 nm, hoWever, 
device efficiency decreases dramatically When InXGa1_XP/ 
GaP is graded beyond x~0.35. GSMBE has been used to 
groW InXGa1_XP/GaP With photoluminescence (PL) ranging 
from 560 nm to 600 nm, With decreasing PL intensity in 
buffers graded beyond x~0.32. 
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[0006] The agreement of results shoWing degradation 
beyond x~0.3 With tWo very different groWth techniques is 
striking. Both techniques result in the conclusion that mate 
rial degradation is a natural consequence of increasing 
lattice-mismatch, presumably through increasing defect 
density. This intuitive picture is inconsistent With earlier 
Work, Which concluded from experimental and theoretical 
considerations that strain relaxation in graded buffers is a 
steady-state process, hence defect density should be con 
stant. 

[0007] Developments in the GeXSi1_X/Si system have pro 
vided neW insights into dislocation dynamics in graded 
buffers that can aid in understanding InXGa1_XP/GaP. It has 
been demonstrated that the formation of dislocation pileups 
is the primary cause of material degradation With continued 
grading in GeXSi1_X/Si. Since dislocations immobiliZed in 
pileups can no longer glide to relieve strain, pileups force the 
nucleation of additional dislocations to continue the relax 
ation process. It has been proposed that pileups Were caused 
by an interaction betWeen dislocations and surface rough 
ness. Mis?t dislocation strain ?elds produce surface undu 
lations and gliding dislocations can be pinned in betWeen, 
Which leads to pileups. Surface roughness increases as more 
dislocations are pinned, resulting in a recursive and esca 
lating cycle of dislocation pinning and surface roughening. 
It Was then shoWed that controlling surface roughness by 
periodic planariZation can suppress pileup formation in 
GeXSi1_X/Si and recover a steady-state dislocation density 
betWeen x=0.3 to x=1. The recovery of steady-state dislo 
cation dynamics is compelling evidence that pileup forma 
tion due to the interaction of dislocations and surface 
roughness is responsible for material degradation With con 
tinued grading. 

[0008] Recent Work With InXGa1_XP/GaP groWn by 
MOVPE also shoWed a strong correlation betWeen surface 
roughness and the density of dislocations and pileups. Pileup 
formation Was tentatively attributed to the proposed mecha 
nisms, but comparison With GeXSi1_X/Si results suggests that 
the sensitivity of defect density to surface roughness is much 
greater than expected in InXGa1_XP/GaP. Related Work With 
InXGa1_XAs/GaAs noted the presence of “high-energy 
boundaries” that appeared to pin dislocations, although their 
overall impact on relaxation Was unclear. Defects similar to 
the “high-energy boundaries” have not been observed in 
GeXSi1_X/Si, so defects of this type may account for the 
difference in pileup behavior noticed betWeen InXGa1_XP/ 
GaP and GeXSi1_X/Si. 

SUMMARY OF THE INVENTION 

[0009] In accordance With the invention, the evolution of 
dislocation dynamics in InXGa1_XP/GaP groWn by MOVPE 
is explored. Starting With the question of escalating defect 
density a previously unrecogniZed defect microstructure that 
causes pileups and dominates dislocation dynamics in 
InXGa1_XP/GaP is shoWn by microscopic characteriZation 
and macroscopic modeling. The evolution of microstructure 
in graded buffers is mapped, and its interaction With dislo 
cation dynamics is modeled. By controlling the neW defect 
microstructure, nearly ideal relaxation behavior dominated 
by dislocation kinetics is also observed. Through analysis 
and modeling, a proposed kinetic model for relaxation in 
graded buffers is con?rmed. The evolution of branch defects 
is used to explain the microstructure of both indium-bearing 
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phosphides and arsenides over a Wide range of conditions. 
The neW understanding and control of dislocation dynamics 
and microstructure are used to derive a set of design rules 
and an optimiZation strategy for high quality graded buffer 
groWth. A simple process optimiZation results in material 
With a dislocation density of 4.7><106 cm-2 at x=0.39. 

[0010] Accordingly, the invention provides a method of 
forming a semiconductor structure including providing a 
single crystal semiconductor substrate of GaP, and fabricat 
ing a graded composition buffer including a plurality of 
epitaxial semiconductor InX(AlyGa1_y)1_XP alloy layers. The 
buffer includes a ?rst alloy layer immediately contacting the 
substrate having a lattice constant that is nearly identical to 
that of the substrate, subsequent alloy layers having lattice 
constants that differ from adjacent layers by less than 1%, 
and a ?nal alloy layer having a lattice constant that is 
substantially different from the substrate. The groWth tem 
perature of the ?nal alloy layer is at least 20° C. less than the 
groWth temperature of the ?rst alloy layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a table of the general groWth conditions 
for all InXGa1_XP/GaP samples in accordance With the inven 
tion; 

[0012] FIG. 2 is an XTEM image of a InXGa1_XP/GaP 
sample graded to x=0.11 at 760° C.; 

[0013] FIG. 3 is a table of materials characteriZation 
results for series I, InXGa1_XP/GaP groWn at 760° C. With 
variable grading rates; 

[0014] FIGS. 4A and 4B are PVTEM images of 
InXGa1_XP/GaP graded to x=0.26 and x=0.31, respectively, at 
760° C.; 

[0015] FIG. 5 is an XTEM image of InXGa1_XP/GaP 
graded to x=0.26 at 760° C.; 

[0016] FIGS. 6A and 6B are PVTEM and XTEM images, 
respectively, of pileups in InXGa1_XP/GaP groWn at 760° C.; 

[0017] FIG. 7 is a table of materials characteriZation 
results for series II: InXGa1_XP/GaP graded to x~0.33; 

[0018] FIGS. 8A and 8B are PVTEM images of 
InXGa1_XP/GaP graded to x~0.33 at 700° C. and 760° C., 
respectively; 

[0019] FIG. 9 is a table of materials characteriZation 
results for series III: InXGa1_XP/GaP graded to x~0.1; 

[0020] FIG. 10 are AFM images of InXGa1_XP/GaP graded 
to x~0.1; 

[0021] FIGS. 11A and 11B are PVTEM images of 
InXGa1_XP/GaP graded to x~0.1 at 650° C. and 760° C., 
respectively; 

[0022] FIG. 12 is a table of materials characteriZation 
results for series IV: InXGa1_XP/GaP graded to x~0.33 With 
groWth temperature optimiZation; 

[0023] FIGS. 13A and 13B are PVTEM and CL images, 
respectively, of InXGa1_XP/GaP graded to x~0.33 With 
groWth temperature optimiZed as a function of composition; 

[0024] FIG. 14 is a graph shoWing a plot of p?eld versus 
groWth temperature for InXGa1_XP/GaP graded to x~0.1; 
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[0025] FIG. 15 is a graph shoWing a plot of (004) Bragg 
peak FWHM versus groWth temperature for InXGa1_XP/GaP 
graded to x~0.1; 

[0026] FIG. 16 is a graph shoWing a plot of 1 n(p?e1d) 
versus 1/T for InXGa1_XP/GaP graded to x~0.1 at 800° C., 
760° C., and 700° C.; 

[0027] FIG. 17 is a graph shoWing a plot of surface RMS 
roughness versus groWth temperature for InXGa1_XP/GaP 
graded to x~0.1; 

[0028] FIG. 18 is a graph shoWing a plot of the ratio 
betWeen the tWo in-plane <011> directions for crosshatch 
Wavelength and amplitude, as measured by AFM in InXGa1_ 
XP/GaP graded to x~0.1 at 760° C. and 800° C.; 

[0029] FIG. 19 is a graph shoWing a plot of dislocation 
glide velocity versus l/T for 0t and [3 dislocations in GaP and 
InP; 

[0030] FIG. 20 is an equilibrium phase diagram for 
InXGa1_XP; 
[0031] FIG. 21 is a graph shoWing a plot of pbranch versus 
groWth temperature for all samples that exhibit branch 
defects; 
[0032] FIG. 22 is a graph shoWing approximate groWth 
temperature process WindoWs for the groWth of InXGa1_XP/ 
GaP and InXGa1_XAs/GaAs; 

[0033] FIG. 23 is a graph shoWing a plot of pOverall versus 
groWth temperature for InXGa1_XP/GaP graded to x~0.1 and 
x~0.33 at a single groWth temperature; 

[0034] FIG. 24 is a graph shoWing a plot of p?eld versus 
groWth temperature for InXGa1_XP/GaP graded to x~0.1 and 
x~0.2; 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0035] Graded composition buffers of InXGa1_XP are 
groWn on GaP (InXGa1_XP/GaP) by metal-organic vapor 
phase epitaxy to observe the dislocation dynamics of strain 
relaxation in these structures and to develop a strategy for 
creating LED-quality InGaP layers. Transmission electron 
microscopy, cathodoluminescence imaging, atomic force 
microscopy, and triple-axis x-ray diffraction are applied to 
the characteriZation of InXGa1_XP/GaP With ?nal composi 
tions ranging from x=0.09 to x=0.39 and groWth tempera 
tures ranging from 650° C. to 810° C. The previously 
reported escalation of defect density With continued grading 
of InXGa1_XP/GaP beyond x~0.3 is found to be due to the 
formation of dislocation pileups. A neW defect microstruc 
ture With a branch morphology and featuring sharp local 
strain ?elds, hereafter referred to as branch defects, is 
observed to pin dislocations and cause the dislocation pile 
ups. Branch defect morphology varies strongly With groWth 
temperature, becoming signi?cantly stronger With increas 
ing groWth temperature and causing severe material degra 
dation above 700° C. 

[0036] Further experiments shoW that branch defects 
evolve during groWth and that the onset of branch defect 
formation can be delayed by increasing groWth temperature. 
The evolution of branch defects appears to control the 
microstructure of indium-bearing phosphides and arsenides 
over a very Wide range of conditions. In the absence of 
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branch defects at high growth temperatures and loW indium 
compositions near x~0.1, nearly ideal dislocation dynamics 
dominated by dislocation glide kinetics are recovered, pro 
viding the ?rst experimental proof of a kinetic model for 
graded buffer relaxation. The neW understanding of the 
evolution of microstructure and dislocation dynamics in 
InXGa1_XP/GaP suggests that groWth temperature must be 
optimiZed as a function of composition for optimal material 
quality. A simple process optimiZation in InXGa1_XP/GaP 
graded to x=0.39 results in an overall threading dislocation 
density of 4.7><106 cm_2, Which is the loWest reported value 
to date for x>0.3. Combining the neW observations With 
earlier ?ndings, three basic design rules are presented for 
producing practical, device-quality graded buffers: branch 
defects must be avoided or suppressed, groWth temperature 
must be maximiZed, and surface roughness must be mini 
miZed. Using these design rules, several optimiZation strat 
egies for achieving device-quality substrate materials are 
also presented. Applying these design rules and optimiZation 
strategies, threading dislocation densities of <10° cm'2 in 
InXGa1_XP/GaP are achieved over the full range of useful 
compositions. 
[0037] Exemplary experiments in accordance With the 
invention Will noW be described. 

[0038] MOVPE ?lm groWth Was performed in a Thomas 
SWan atmospheric pressure MOVPE reactor. Trimethylgal 
lium (TMGa), solution trimethylindium (TMIn), and trim 
ethylaluminum (TMAl) Were used as group III sources, and 
PH3 and AsH3 Were used as group V sources. Source gases 
Were carried in Pd-puri?ed H2 ?oWing at 5 slpm through a 
fast-sWitching manifold With parallel, pressure-balanced 
vent and reactor lines. Substrates Were placed on a graphite 
susceptor in a horiZontal, rectangular quartZ reactor. GroWth 
temperature Was controlled through a halogen lamp under 
the reactor and a thermocouple inside the susceptor. 

[0039] The substrates Were S-doped (001) GaP substrates 
off-cut 100 toWards a {001}. To prepare substrates for 
groWth, Wafers Were cleaved into approximately 5 cm2 
pieces, etched for 1 min in 25:1:1 H2SO4:H2O2:H2O, rinsed 
With deioniZed Water, and dried With N2. The substrates Were 
then loaded into the reactor and baked for 2 min at 150° C., 
5 min at 200° C., and 15 min at 800° C. under a How of H2 
and PH3. The desired groWth temperature Was then set and 
alloWed to stabiliZe for 5 min. 

[0040] Film groWth began With a 0.5 pm GaP buffer layer 
groWn at 3 pm/hr. Graded buffers Were then groWn by setting 
a constant TMGa How of 0.235 sccm and stepping TMIn 
?oW up in 2 min intervals. The group III ?oWs corresponded 
to groWth rates ranging from 3 pm/hr to 6 pm/hr as a 
function of temperature and composition. For changes in 
groWth temperature, groWth Was interrupted and the system 
Was equilibrated at the neW temperature for 5 min. GroWth 
Was completed With a 4 pm uniform composition cap layer 
and samples Were cooled under a How of H2 and PH3 doWn 
to 150° C. Throughout the groWth process, the PH3 How Was 
adjusted to at least tWice the level previously found neces 
sary for the high-quality groWth of GaP/GaP and 
InwGaQ69P/GaAsO_64PO_36 in the reactor. 

[0041] All graded buffers Were groWn With a nominal 
mean grading rate of 0.4% strain/pm, Which corresponds to 
5% In/pm. To maintain a constant grading rate pro?le, TMIn 
?oW step siZe Was increased continuously. To produce a 
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variable grading rate pro?le that begins at 0.7%/pm and 
decreases to 0.2%/pm, TMIn ?oW step siZe Was kept con 
stant. 

[0042] A 4 pm ?lm of InO_33Ga0_67P Was groWn directly on 
GaP at 700° C. as a reference. Five series of graded buffer 
experiments Were performed and are summariZed in the 
table of FIG. 1. The table of FIG. 1 shoWs the general 
groWth conditions for all InXGa1_XP/GaP samples. All graded 
buffers Were groWn With an average groWth rate of 5 pm/hr, 
an average grading rate of —0.4%/pm, and incorporated a 0.5 
pm homoepitaxial GaP buffer and a 4 pm uniform compo 
sition cap layer. 

[0043] Series I Was groWn to investigate the reports of 
luminescence degradation With continued grading beyond 
x~0.3 in InXGa1_XP/GaP groWn by HVPE and GSMBE. The 
groWth temperature of 760° C. Was chosen to be Within the 
range typical of HVPE. Series II Was groWn to study the 
effect of groWth temperature on buffers graded up to x~0.33. 
Series III Was groWn to study the effect of groWth tempera 
ture on buffers graded up to x~0.1. Series IV Was groWn to 
optimiZe groWth temperature as a function of composition: 
the sample Was graded up to x=0.1 at 760° C., up to x=0.2 
at 700° C., and up to x=0.4 at 650° C. 

[0044] The microstructure of the graded buffers Was 
examined by transmission electron microscopy in both plan 
vieW (PVTEM) and cross-sectional (XTEM) con?gurations 
With a JEOL 2000FX operating at 200 kV. Panchromatic 
cathodoluminescence (CL) images Were obtained With a 
JEOL scanning electron microscope ?tted With a GaAs 
photomultiplier tube detector. Surface morphology Was 
characteriZed by tapping-mode atomic force microscopy 
(AFM) using a Digital Instruments Dimension 3000 Nano 
scope IIIa system and also by differential interference 
microscopy (DIC) using a Zeiss Axioplan microscope. Com 
position and Bragg peak Width Were determined by triple 
axis x-ray diffraction (TAXRD) using a Bede D3 diffracto 
meter With a Rigaku rotating anode x-ray generator. 
Compositional grading Was veri?ed by cross-sectional 
Auger electron spectroscopy (AES) using a Physical Elec 
tronics Model 660 scanning Auger microprobe. 
[0045] Accurately determining relatively loW dislocation 
densities is the primary challenge in evaluating process 
optimiZation and making comparisons With the literature. 
The common practice of quoting detection limits for 
PVTEM is inadequate because it is neither accurate nor 
standardiZed: various authors have reported detection limits 
ranging from 105 cm'2 to 107 cm_2. Also, the sampling area 
of PVTEM is far too small to accurately measure the 
heterogeneous dislocation distributions that result from dis 
location pileups. Large area techniques, such as CL or 
etch-pit density (EPD), can be used to evaluate loW defect 
densities, but unfortunately both techniques have relatively 
large7features siZes that limit resolution to approximately 
2><10 cm_2. 

[0046] PVTEM and CL characteriZation and analysis Were 
combined in series I, II, and IV to accurately measure the 
?eld threading dislocation density, p?eld, the dislocation 
pileup density, pp?eup, and the linear density of dislocations 
in pileups, plinw. The indirect bandgap material in series III 
Was difficult to characteriZe With CL, so only p?eld Was 
measured by PVTEM. The overall threading dislocation 
density, povmn, Was calculated by: 

poverall=p?eld+(ppileupxplinear) 
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[0047] The sample grown at 700° C. in series II and the 
optimized sample of series IV both have very loW overall 
defect densities, so extensive characterization Was per 
formed to accurately determine defect densities. For each 
sample, approximately 50 CL images Were taken at 600 X 
from different areas of the sample and approximately 100 
PVTEM images Were taken at 10 kX from three TEM foils 
prepared from different areas of the sample. The total 
sampling areas for each sample Were approximately 7><103 
m2 in PVTEM and 2.5><105 m2 in CL. 

[0048] The surface roughness and defect density of GaP 
substrates and the InO_33GaO_67P ?lm groWn directly on GaP 
Were characteriZed as references. For GaP, the surface RMS 
roughness, Rq, is 5 A and CL imaging shoWs povmn=3><l04 
cm_2. For InO_33Ga0_67P groWn directly on GaP, Rq>250 nm 
and PVTEM shoWs povmn=5><l09 cm_2. 

[0049] All of the graded buffers exhibit the crosshatch 
surface morphology characteristic of ef?cient strain relax 
ation by dislocation glide in loW-mismatch systems. Cross 
sectional AES quantitatively veri?es that compositional 
grading Was achieved consistent With our groWth process 
designs. XTEM With g=<004> reveals sharp, regular step 
grade interfaces With mis?t and threading dislocations. 
XTEM With g=<022> shoWs the expected netWorks of 
dislocations con?ned primarily to the graded buffers. The 
speckle contrast characteristic of III-V compound semicon 
ductor alloys containing indium mixed With other group III 
species is seen in the uniform composition layers and in the 
graded buffers for x>0.05. FIG. 2 shoWs the substrate, 
graded buffer, and uniform composition layer in a typical 
sample. FIG. 2 is an XTEM of InXGa1_XP/GaP graded to 
x=0.11 at 760° C. The dark lines con?ned primarily to the 
graded buffer are dislocations. The speckle contrast seen in 
the uniform composition layer and in the top half of the 
graded buffer is characteristic of III-V compound semicon 
ductor alloys containing indium mixed With other group III 
species. 

[0050] To investigate material degradation With continued 
grading, samples Were graded to different ?nal compositions 
under otherWise identical conditions. The ?rst sample Was 
graded to the indirect-direct energy gap transition at x~0.27, 
the loWest useful composition for direct energy gap devices, 
While the second sample Was graded an additional Ax=0.05. 
Both samples in this series have specular surfaces With 
easily visible crosshatch. All quantitative indications of 
material quality shoW signi?cant degradation betWeen 
x=0.26 and x=0.31. The most marked change is an increase 
in pOverall from 1.6><107 cm'2 to 25x108 cm_2, Which corre 
lates With increases in ppileup and Rq. Relevant quantitative 
data are summariZed in the table of FIG. 3. FIG. 3 is a table 
of materials characteriZation results for series I, InXGa1_XP/ 
GaP groWn at 760° C. With variable grading rates. 

[0051] PVTEM reveals defects With a branching structure, 
hereafter referred to as branch defects, textured in one of the 
<011> directions, as shoWn in FIGS. 4A and 4B. FIGS. 4A 
and 4B are PVTEM of InXGa1_XP/GaP graded to x=0.26 and 
x=0.31, respectively, at 760° C. The branch defects present 
in both images have signi?cant local strain ?elds and 
strongly pin dislocations. The sample graded to x=0.31 has 
a much higher defect density because the branch defects pin 
existing dislocations and force the nucleation of additional 
dislocations as lattice mismatch is introduced by grading 

Dec. 6, 2001 

from x=0.26 up to x=0.31. The ?ne ridges are groWth 
supersteps that do not appear to directly affect dislocation 
dynamics. 

[0052] The density of branch defects, pbmnch, is the same 
in both samples, approximately 5500 cm'1 transverse and 
900 cm-1 axial, but the branch defects themselves are 
narroWer and sharper in the sample graded to x=0.31. The 
branch defects shoW strong contrast for g=<022>, Which 
suggests that the branch defects are crystallographic. Some 
What Weaker contrast is also seen for g=<004>, indicating 
that the local strain ?elds in branch defects are strong 
enough to be visible under other diffraction conditions. Bend 
contours turn sharply Where they intersect the branches, 
Which also indicates signi?cant strain in branch defects. The 
appearance of branch defects does not change in PVTEM 
foils prepared from material Where the groWth surface is 
polished doWn to Rq=5 A, so branch defects are not merely 
topographic features. No strong topography is resolved in 
AFM that can be correlated With the branch defects, so any 
surface features caused by branch defects must be gentler 
than the general surface roughness of these samples. 

[0053] Fine <001> ridges are also seen intersecting the 
branch defects in PVTEM. Ridges With the same density and 
orientation are also seen in AFM. The ridges are supersteps 
containing 2 to 10 groWth steps that are roughly <001> 
oriented due to the {001} offcut of the substrate. The 
supersteps are a surface phenomenon and do not appear to 
directly affect dislocation dynamics. The supersteps are 
simply noted here to prevent confusion in interpretation of 
PVTEM images. 

[0054] Observed in XTEM, the branch defects are vertical 
features that extend from Within the graded buffer up to the 
surface, as shoWn in FIG. 5. FIG. 5 is an XTEM of 
InXGa1_XP/GaP graded to x=0.26 at 760° C. The bright ?eld 
image Was taken slightly off the g=<022> condition for 
clearest contrast. Several branch defects are seen in cross 
section and the strongest shoWs a Wavy intereference con 
trast. The branch defects bend passing mis?t dislocations 
and the degree of bending is proportional to their diffraction 
contrast strength, Which is itself indicative of the strength of 
local strain ?elds associated With the branch defects. 

[0055] As in PVTEM, the diffraction contrast is strong for 
g=<022> and Weaker for g=<004>. The branches intersect 
the surface in gentle valleys that are less than 10 nm deep. 
VieWed doWn their <011> long axis, branch defects appear 
in close groups of one to four, consistent With the branching 
observed in PVTEM. The practical sampling length in 
XTEM is too small to obtain accurate statistics, but the 
pbmnch=3716 cm'1 measured along a 62 pm collage of 
XTEM images is consistent With the transverse pbranch 
measured in PVTEM. 

[0056] FIG. 5 shoWs that the branches bend passing mis?t 
dislocations, again indicating signi?cant local strain. The 
degree of bending depends on the strength of the diffraction 
contrast in the branch defects, Which is reasonable since 
diffraction contrast should be proportional to the magnitude 
of local strain variations. The strongest branch defects have 
a Wavy interference contrast in XTEM and appear With a 
density of approximately 485 cm_1. 

[0057] The branch defects also strongly pin gliding thread 
ing dislocations in both samples, as seen in FIGS. 6A and 
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6B. FIGS. 6A and 6B are PVTEM and XTEM images, 
respectively, of pileups in InXGa1_XP/GaP grown at 760° C. 
Branch defects in both images clearly pin dislocations and 
result in dislocation pileups. 

[0058] Extensive PVTEM suggests that most pileups 
occur on branch defects. The dislocation density near a 
pileup exceeds the value in the ?eld areas betWeen pileups 
by approximately one order of magnitude. Both CL and 
PVTEM shoW that pileup formation is moderate at x=0.26, 
but very severe by x=0.31. At x=0.26, the overall defect 
density is loW enough to see individual dislocations pinned 
to branch defects. There is also a high density of stacking 
faults near the branch defects at x=0.31, Which suggests that 
the branch defect strain ?elds are tensile. 

[0059] To study the branch defects that dominate relax 
ation in series I described heretofore, samples Were graded 
to x~0.33 With a range of groWth temperatures under oth 
erWise identical conditions (series II). FIG. 7 is a table of 
materials characteriZation results for series II: InXGa1_XP/ 
GaP graded to x~0.33. All samples have a clear surface 
crosshatch pattern and, except for the sample groWn at 810° 
C., have specular surfaces. The quantitative indicators of 
material quality listed in the table of FIG. 7 degrade rapidly 
With increasing groWth temperature. The increase in pOverall 
correlates strongly With increases in ppileup and Rq. The 
sample at 810° C. is essentially polycrystalline and proved 
dif?cult to fully characteriZe. 

[0060] Branch defects are present in all of the samples in 
this series. At 760° C., the branch defects have the same 
density and general appearance as those in series I, but the 
branches themselves are stronger and sharper. The branch 
defects look very different at 700° C. FIGS. 8A and 8B are 
PVTEM images of InXGa1_XP/GaP graded to x~0.33 at 700° 
C. and 760° C., respectively. The difference in defect density 
is very striking, With the sample groWn at 760° C. possessing 
a high density of dislocations and stacking faults. The 
branch defect is much sharper and stronger in the sample 
groWn at 760° C. compared to 700° C. FIGS. 8A and 8B 
shoW that the branches are Weak, diffuse, and broad at 700° 
C. compared to 760° C. The branching nature is also less 
pronounced and the branch defects appear as long <011> 
stripes With transverse pbmnch=7621 cm'1 and an axial 
pmnch that is too loW to measure. The branch defects are very 
faint for g=<004> and do not strongly affect bend contours, 
Which suggests that the branch defects possess less strain at 
700° C. than at 760° C. 

[0061] Branch defects strongly pin dislocations in the 
sample groWn at 760° C., resulting in a very high density of 
pileups. While pileups are present at 700° C., the Weaker 
branch defects do not appear-to pin dislocations as strongly 
as at 760° C. The resulting differences in defect density are 
strikingly evident in FIGS. 8A and 8B. 

[0062] CL of the sample groWn at 700° C. shoWs a loW 
density of dislocation pileups compared to samples groWn at 
higher temperatures. The samples groWn above 700° C. are 
too rough and defective to obtain clear CL images, but the 
defect density is high enough to measure accurately With 
PVTEM alone. 

[0063] Speculating that optimal groWth conditions Would 
vary With composition, samples Were graded to x~0.1 With 
a range of groWth temperatures under otherWise identical 
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conditions (series III). All of the samples in this series have 
specular surfaces With very faint crosshatch. FIG. 9 is a 
table of materials characteriZation results for series III: 
InXGa1_XP/GaP graded to x~0.1. The table of FIG. 9 shoWs 
that material quality degrades steadily With decreasing 
groWth temperature. 

[0064] The trend in Rq does not fully re?ect the change in 
surface morphology, Which FIG. 10 shoWs changes from a 
smooth, ordered crosshatch to a cellular, disordered struc 
ture With decreasing groWth temperature. The samples 
groWn beloW 760° C. are too rough to quantitatively analyZe 
crosshatch With AFM. FIG. 10 are AFM images of InXGa1_ 
XP/GaP graded to x~0.1. All scans cover an area of (50 um)2 
With a vertical scale of 200 nm/division. The transition from 
a rough, cellular surface to a smooth, crosshatch surface 
suggests that relaxation becomes more ef?cient as groWth 
temperature increases. 

[0065] FIGS. 11A and 11B are PVTEM images of InXGa1_ 
XP/GaP graded to x~0.1 at 650° C. and 760° C., respectively. 
The Weak and closely spaced branch defects in the sample 
groWn at 650° C. appear to hinder dislocation glide, result 
ing in dislocation pileups parallel to the branches. There are 
no traces of branch defects or dislocation pileups in the 
sample groWn at 760° C. The PVTEM images in FIGS. 11A 
and 11B illustrate the change in microstructure With groWth 
temperature. Branch defects oriented in one <011> direction 
are present in samples groWn beloW 760° C. At 650° C., 
pbmnch=26911 cm'1 and the branch defects are visible for 
both g=<022> and g=<004>. At 700° C., pbmnch=9808 cm-1 
and the branch defects are nearly invisible for g=<022> and 
are not seen for g=<004>. The branch defects appear in AFM 
as 3 nm ridges at 650° C., While no related topography can 
be resolved at 700° C. FIGS. 11A and 11B shoW that branch 
defects and dislocations interact at 650° C., resulting in 
pileups parallel to the branch defects. The much Weaker 
branch defects at 700° C. do not appear to interact With 
dislocations and PVTEM shoWs very feW pileups. In gen 
eral, the branch defects are much Weaker in appearance and 
pin dislocations less effectively than in series I and II. 

[0066] FIGS. 11A and 11B also shoW that branch defects 
are not seen in the samples groWn above 700° C. Conse 
quently, pileups are not seen and the change in defect density 
With groWth temperature is less dramatic than at loWer 
temperatures. The microstructure of the samples groWn at 
760° C. and 800° C. are qualitatively similar, With the latter 
sample having better quantitative materials properties. 

[0067] With the understanding of the temperature depen 
dence of material quality at x~0.33 and x~0.1 gained in 
series II and III, respectively, groWth temperature Was 
optimiZed as a function of composition (series IV). The 
result is that the optimiZed 650° C. sample has the loWest 
p0vmll of any sample graded to x>0.25, despite being graded 
up to x=0.39. The relevant data are summariZed in the table 
of FIG. 12. FIG. 12 is a table of materials characteriZation 
results for series IV: InXGa1_XP/GaP graded to x~0.33 With 
groWth temperature optimiZation. 

[0068] FIGS. 13A and 13B are PVTEM and CL images, 
respectively, of InXGa1_XP/GaP graded to x~0.33 With 
groWth temperature optimiZed as a function of composition. 
The long horiZontal features in the PVTEM image are 
branch defects and the ?ne vertical features are groWth 
supersteps. The branch defects appear to sloW dislocation 
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glide, as evidenced by the light dislocation pileup that 
appears parallel to the branches. The black dots in the CL 
image are due to strong non-radiative trapping by individual 
threading dislocations. The larger scale afforded by CL 
imaging shoWs that the dislocation distribution is nearly 
homogeneous and pileup formation is very light. 

[0069] FIGS. 13A and 13B shoW that the microstructure 
is dominated by a high density of branch defects, but the 
dislocation density is loW and relatively homogeneous. The 
branch defects are Weak and only visible for g=<022>. As in 
series III at 650° C., the branch defects appear as ridges in 
AF M. The branch defects appear to hinder dislocation glide, 
but do not strongly pin dislocations, so pileups are Weak and 
infrequent in both PVTEM and CL images. While ppileup is 
loW, the biggest difference is that plinear is more than an order 
of magnitude loWer than any sample in series I or II. 

[0070] The dramatic increase in pOverall betWeen x=0.26 
and x=0.31 supports the speculation that the degradation of 
InXGa1_XP/GaP LED ef?ciency beyond 600 nm is due to 
increasing dislocation density With continued grading. As 
noted earlier, graded buffer relaxation models predict a 
nearly steady-state povmn. Both microscopic and macro 
scopic evidence Will shoW that branch defects are respon 
sible for the escalation of defect density With continued 
grading. 

[0071] The increase in pOverall With continued grading 
correlates strongly With pileup formation. In both samples, 
approximately 60% of the total threading dislocations are 
trapped in pileups. This agrees With observations of the 
GeXSi1_X/Si system, Where increasing pOverall is due to 
increasing pileup formation. 

[0072] While surface roughness is the primary cause of 
pileups in GeXSi1_X/Si, most of the pileups observed in series 
I occur on or near branch defects, Which have not been 
observed in GeXSi1_X/Si. Branch defects pin individual dis 
locations even at x=0.26 and ppileup increases With continued 
grading While pbranch remains constant, so branch defects 
clearly precede pileups. Branch defect topography is gentle 
and overall surface roughness is very loW at x=0.26, so the 
sharp branch defect strain ?elds appear to be responsible for 
dislocation pinning. 

[0073] Branch defects clearly dominate dislocation 
dynamics at the microscale, but the sampling area of TEM 
is too small to provide conclusive evidence that branch 
defects are the primary cause of pileups at a macroscale. 
Indeed, the data shoW a correlation betWeen surface rough 
ness and defect density that qualitatively agrees With the 
pileup mechanism found in the GeXSi1_X/Si system. Exam 
ined quantitatively, the increase in pOverall With Rq in InXGa1_ 
XP/GaP is much more dramatic than expected, Which sug 
gests that something other than surface roughness dominates 
relaxation, namely the branch defects. 

[0074] Relaxation modeling con?rms on a macroscale that 
branch defects are responsible for the escalation of defect 
density With continued grading in InXGa1_XP/GaP. The 
expected change in pOverall betWeen x=0.26 and x=0.31 can 
be calculated by assuming that dislocation pinning by the 
branch defects dominates relaxation. First, the mis?t dislo 
cation density, pmis?t, necessary in each <110> direction is 
given by: 
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[0075] For the lattice-mismatch betWeen x=0.26 
(ao=5.5593 and x=0.31 (ao=5.5802 A), the calculation 
yields pmis?t=l.9><l05 cm_1. Each mis?t dislocation can be 
assumed to terminate With tWo threading dislocations, so the 
pOverall is tWice pmis?t divided by the average mis?t dislo 
cation glide length, L. The branch defects strongly pin 
dislocations, so L can be set equal to the inverse of pbmnch 
in each <110>. So, the pOverall is expressed as: 

poverall = 

transverse axial 

[0076] Using the average values of transverse and axial 
branch in series I, the result is povmn=2.4><l09 cm_2. This 

calculated value is much larger than the observed pOverall at 
x=0.31, because all branch defects are assumed to strongly 
pin dislocations, Which is certainly inaccurate otherWise 
pp?eu Would equal pbmnch. Recalculation assuming that only 
branch defects With strong Wavy interference contrast in 
XTEM effectively pin dislocations results in p°vm11=22>< 
108 cm_2, Which agrees very Well With the measured value. 

[0077] The model analysis suggests that dislocation pin 
ning is proportional to branch defect strength and that 
pileups caused by strong branch defects ultimately limit hoW 
far InXGa1_XP/GaP can be graded before serious material 
degradation occurs. Unfortunately, the limit to grading 
occurs near the indirect-direct bandgap transition at x~0.27 
Where InGaP becomes useful for efficient, direct bandgap 
devices. Similar grading limits have also been observed at 
x~0.35 in HVPE and x~0.32 in GSMBE. Clearly, branch 
defects must be eliminated or suppressed to achieve high 
quality device materials. 

[0078] Series I shoWs that branch defects dominate relax 
ation in samples groWn at 760° C. Varying groWth tempera 
ture in series II dramatically changes both branch defect 
density and strength. Correspondingly, material properties 
degrade rapidly With increasing temperature, in particular 
betWeen 700° C. and 760° C. Analysis of the results Will 
shoW that the material properties are dominated by the 
temperature dependence of the branch defects. 

[0079] Since pbmnch increases With decreasing groWth 
temperature, L Would decrease and both pOverall and ppileup 
Would increase With decreasing temperature if the branch 
defects continued to strongly pin dislocations. The results 
shoW the opposite trend: pOverall and ppileup decrease dra 
matically With decreasing temperature, so the ability of 
branch defects to pin dislocations must decrease With tem 
perature. Branch defect diffraction contrast and strain ?elds 
seen in TEM are markedly Weaker at loWer temperatures, 
Which suggests that dislocation pinning is proportional to the 
strength of branch defects. 

[0080] Suppression of branch defects at 700° C. mini 
miZes pileup formation and controls the escalation of pOverall 
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With continued grading, compared to higher growth tem 
peratures. Note that the sample groWn at 700° C. Was graded 
farther than any sample groWn at 760° C., yet retains a much 
loWer povmn. Pileups still occur, but they are Weaker and 
more Widely spaced than at 760° C., hence the escalation of 
pOverall With grading is moderate. 

[0081] The sample groWn at 760° C. shoWs signi?cant 
degradation compared to series I. While pbmnch is nominally 
identical in all of the samples groWn at 760° C., branch 
defects are much stronger in series II. Since the measured 
p0vmll matches the value calculated assuming all branch 
defects pin dislocations in the analysis of series I, it appears 
that most of the branch defects in the sample groWn at 760° 
C. in series II pin dislocations. This further supports the 
observations that branch defects dominate relaxation in 
InXGa1_XP/GaP at 760° C. and that dislocation pinning is 
proportional to branch defect strength. 

[0082] The only difference betWeen the samples graded to 
x=0.31 in series I and series II is the grading rate pro?le. The 
variable grading rate pro?le used in series I produces higher 
strain rates at loW indium compositions and loWer strain 
rates at high indium compositions, compared to the constant 
grading rate pro?le in series II. TWo general observations 
can be made: loWer indium compositions appear to be less 
sensitive to strain rate and the strength, but not density, of 
branch defects is sensitive to the strain rate. 

[0083] The sample groWn at 810° C. should have strong 
and Widely spaced branch defects, according to the observed 
temperature dependence of branch defect morphology. 
Branch defect spacing does not appear to increase enough to 
compensate for the increase in branch defect strength at 810° 
C. The extreme roughness of the sample makes character 
iZation dif?cult, but it appears that the branch defects are so 
strong that the material becomes essentially polycrystalline 
When graded up to x~0.33. 

[0084] The temperature dependence of branch defect mor 
phology suggests tWo options for minimiZing the impact of 
branch defects on dislocation dynamics: increase tempera 
ture to increase branch defect spacing or decrease tempera 
ture to decrease branch defect strength. The results shoW that 
decreasing groWth temperature to suppress branch defects is 
the effective strategy for producing high-quality material. It 
is also apparent that reducing grading rate at higher indium 
compositions can further suppress branch defect strength. As 
branch defects are suppressed, pOverall approaches the nearly 
steady-state behavior predicted by ideal relaxation models. 

[0085] Series I and II shoW that branch defects dominate 
relaxation in InXGa1_XP/GaP. Relaxation approaches the 
ideal behavior expected from a model based on dislocation 
kinetics as the branch defects are suppressed. Series III 
shoWs that branch defects can be eliminated altogether at 
x~0.1, and analysis Will shoW that the resulting relaxation 
behavior is dominated by the kinetics of dislocation glide. 

[0086] Branch defects are essentially absent in all of the 
samples, except for the sample groWn at 650° C. Where Weak 
branch defects and pileups are observed. Without the in?u 
ence of branch defects on dislocation dynamics, the result 
ing temperature dependence of p?eld shoWn in FIG. 14 is the 
opposite of that seen in series II. FIG. 14 is a graph shoWing 
a plot of p?eld versus groWth temperature for InXGa1_XP/GaP 
graded to x~0.1. The steady decrease in p?eld With increasing 
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temperature is opposite the trend seen in series II due to the 
diminished role of branch defects at x~0.1. Clearly, relax 
ation is very different When branch defects are not active. 

[0087] The temperature dependence of the (004) Bragg 
peak Width, [3(OO4), is also the opposite of that observed in 
series II. Degradation of crystallinity With decreasing tem 
perature could hinder dislocation glide and result in increas 
ing defect density, but analysis of [3(OO4) versus p?eld indi 
cates that the opposite is true: the measured Bragg peak 
broadening is a result of increasing p?eld and not vice versa. 

[0088] Bragg peak broadening due to dislocations, 6&5, 
can be expressed as a function of Bragg angle, 0B: 

BdiS=Kcx+Ke tan 29B (3) 

[0089] The coef?cients are functions of the Burgers vec 
tor, b, and p?eldz 

[0090] ' [3(OO4) is expressed as the sum of the intrinsic Bragg 
peak Width of the material, [30, the broadening due to the 
instrument, [3mm and the broadening due to dislocations, 
Bdis: 

l5(uu4)2=l5u2+[5inm2+[5dis2 (6) 
[0091] [3instr is a constant throughout this series and [30 can 
be assumed constant for an initial calculation. The sample 
groWn at 800° C. can be used to calculate a baseline value 
for [3O2+[3inm2, Which is added to [3&2 calculated for each 
sample. The resulting model values for [3(00 are plotted in 
FIG. 15 and agree very Well With the measured data. FIG. 
15 is a graph shoWing a plot of (004) Bragg peak FWHM 
versus groWth temperature for InXGa1_XP/GaP graded to 
x~0.1. The diamond points are measured values and the 
dashed lines are calculated from measured p?eld values. TWo 
dashed lines are plotted to re?ect the error bars in the p?eld 
values used in the calculations. The disagreement betWeen 
experiment and theory at 650° C. is due to signi?cant 
dislocation pileup formation. 

[0092] The agreement betWeen the measured and modeled 
[3(OO4) values indicates that Bragg peak broadening in series 
III is primarily due to dislocations. The moderate disagree 
ment at 650° C. is due to pileup formation at that tempera 
ture. Rigorously, pOverall should be used instead of p?eld, but 
pOverall and p?eld are used interchangeably in series III 
because pileup formation is insigni?cant above 650° C. The 
value of pOverall is typically tWice p?eld in samples exhibiting 
signi?cant pileup formation and doubling the p?eld value 
used in the calculation of [3(OO4) at 650° C. results in good 
agreement With the measured value. 

[0093] The observed surface roughness is also far too loW 
to affect dislocations in series III. The typical effective 
critical thickness, or dislocation-free thickness, in these 
experiments is on the order of 103 A, While the Worst surface 
undulations are an order of magnitude smaller. Also, the 
change in Rq With temperature is very moderate. Any inter 
action betWeen dislocations and the surface should be Weak. 

[0094] With the absence of microstructural features that 
interact With dislocations, the kinetics of dislocation nucle 
ation and glide should control relaxation. The observed 
temperature dependence of p?eld is consistent With the 
behavior expected if relaxation Was limited by dislocation 
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glide kinetics: as temperature decreases, decreasing dislo 
cation glide kinetics force the nucleation of a higher density 
of dislocations to maintain ef?cient strain relaxation, so p?eld 
increases. If relaxation Was limited by dislocation nucle 
ation, then p?eld Would decrease With decreasing groWth 
temperature. 

[0095] Relaxation modeling quantitatively demonstrates 
that dislocation glide kinetics dominate relaxation in series 
III. Assuming relaxation is isotropic in the tWo <011>, the 
relaxation rate, 6, can be expressed as: 

[0096] The dislocation glide velocity, v, is empirically 
expressed as: 

[0097] A and n are materials constants, Eglide is the dis 
location glide activation energy, '5 is the resolved shear 
stress, and "no is constant equal to 1 MPa. It is reasonable to 
assume that the residual strain re?ects the steady-state strain 
in the pseudomorphic ?lm at the surface of the graded buffer 
during groWth and TAXRD results shoW that residual strain 
does not vary signi?cantly With temperature in series III. 
Therefore, can be considered constant in series III, espe 
cially since n~1 and any moderate variations in "c are 
overWhelmed by the exponential term. 

[0098] The nearly constant residual strain in this series 
also suggests that 0t is the same in all of the samples. 
Therefore, p?eld can be expressed as: 

[0099] Eglide can be determined by measuring the slope in 
a plot of 1 n(p?ehQ versus 1/T: 

Eglide (l0) 

[0100] FIG. 16 is a graph shoWing a plot of 1 n(p?e1d) 
versus 1/T for InXGa1_XP/GaP graded to x~0.1 at 800° C., 
760° C., and 700° C. The activation energy calculated from 
the slope is 2.0 eV, Which is in good agreement With the 
average value of 1.8 eV for the activation energy of dislo 
cation glide for a: and P dislocations in GaP and InP. This 
result suggests that strain relaxation at x~0.1 is dominated 
by the kinetics of dislocation glide. The measured slope 
corresponds to Eg1ide=20 eV, Which is in fair agreement With 
published values for Eglide in GaP and InP: 1.45 eV for 0t 
dislocations and 1.68 eV for [3 dislocations in GaP, 1.6 eV 
for 0t dislocations and 2.3 eV for [3 dislocations in InP. 
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Measured values for dislocation glide kinetics also vary With 
electronic and isoelectric doping, so doped graded buffers 
Will have slightly different dislocation dynamics and doping 
levels must be controlled to achieve high-quality materials. 

[0101] This tWo parameter model shoWs that the tempera 
ture dependence of p?eld is consistent With the thermal 
activation energy of dislocation glide. The model simpli?es 
relaxation by assuming that dislocation glide is entirely 
rate-limiting and that relaxation is isotropic. A more com 
plex model can be derived, but such analysis does not 
provide additional insights given the siZe and resolution of 
the current data set. 

[0102] The dominance of dislocation glide kinetics at 
x~0.1 is also apparent in the temperature dependences of 
surface morphology. A smooth, regular crosshatch surface is 
indicative of ef?cient relaxation by dislocation glide, so the 
transition from cellular to crosshatch surface morphology 
shoWn in FIG. 10 suggests that ef?cient relaxation only 
occurs at high groWth temperatures. It could be speculated 
that since crosshatch is the response of the groWth surface to 
dislocation strain ?elds, the change in surface morphology is 
due to decreasing surface diffusivity. If diffusivity Was 
primarily responsible for the change in surface morphology, 
the surface Would become smoother With decreasing tem 
perature, Which FIG. 17 shoWs is not the case at x~0.1. FIG. 
17 is a graph shoWing a plot of surface RMS roughness 
versus groWth temperature for InXGa1_XP/GaP graded to 
x~0.1. Scan areas of (10 um)2 and (50 um)2 Were used to 
ensure that both small and large scale roughness Were 
measured. So, While surface diffusivity certainly changes 
With temperature, the observed trends are not consistent With 
a surface morphology dominated by those changes in sur 
face diffusivity. 

[0103] Analysis of crosshatch Wavelength and amplitude 
in the samples groWn at 760° C. and 800° C. also indicates 
that dislocation glide kinetics dominate relaxation for x~0.1. 
Relaxation in strained III-V compound semiconductors is 
asymmetric due to the differences betWeen 0t and [3 dislo 
cation. If relaxation is controlled by dislocation glide kinet 
ics, the crosshatch pattern is expected to be asymmetric in 
the in-plane <011> directions. Since dislocation glide kinet 
ics are thermally-activated, relaxation should also become 
more symmetric With increasing groWth temperature. FIG. 
10 and FIG. 18 shoW that crosshatch Wavelength and 
amplitude are qualitatively and quantitatively asymmetric in 
both samples and that crosshatch becomes more symmetric 
at higher temperatures. FIG. 18 is a graph shoWing a plot of 
the ratio betWeen the tWo in-plane <011> directions for 
crosshatch Wavelength and amplitude, as measured by AFM 
in InXGa1_XP/GaP graded to x~0.1 at 760° C. and 800° C. 
The long and short designations refer to the tWo distinct 
Wavelengths observed in frequency spectrum analysis of the 
crosshatch surface. The crosshatch is more symmetric in the 
sample groWn at higher groWth temperature. 

[0104] Although quantitative crosshatch data are unavail 
able for the samples groWn at 650° C. and 700° C., exami 
nation under DIC suggests that the same trends continue 
doWn to 650° C. These results shoW that surface morphology 
and relaxation are controlled primarily by dislocation glide 
kinetics. 

[0105] The analysis of series III demonstrates that dislo 
cation glide kinetics dominate relaxation and microstructure 
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in InXGa1_XP/GaP, in the absence of external or heteroge 
neous hindrances to dislocation dynamics such as branch 
defects. The branch defects at 650° C. are so Weak and 
closely spaced that they can be considered an effective drag 
force on dislocation glide, hence their effect on dislocation 
mobility is complimentary to that of decreasing temperature. 
As noted earlier in this section, the temperature dependence 
of defect density depends on Whether relaxation is limited by 
dislocation nucleation or glide kinetics, therefore determin 
ing that dislocation glide kinetics dominate relaxation is 
critical for the rational design of high-quality graded buffers. 

[0106] The results of series II and III taken together shoW 
that a constant groWth temperature is not optimal, since the 
temperature dependence of material quality at x~0.1 is the 
opposite of that seen at x~0.33. While 700° C. appears to be 
a reasonable compromise, groWth temperature should be 
optimiZed as a function of composition to obtain higher 
quality InXGa1_XP/GaP. The superior material quality of the 
optimiZed sample illustrates the effectiveness of even a 
simple groWth temperature optimiZation. 

[0107] Series II suggests that decreasing groWth tempera 
ture should improve material quality, but series III shoWs 
that p?eld reaches 1.2><107 cm-2 by x~0.1 at 650° C. An 
intuitive approach is to use the best groWth temperature for 
each composition range: high groWth temperature at loW 
indium compositions and loW groWth temperature at high 
indium compositions. The results shoW that optimiZation 
suppresses branch defects and limits the degradation With 
continued grading seen in series I. Grading Was continued 
Ax=0.05 beyond the sample groWn at 700° C. in series II, yet 
the resulting defect densities are loWer. With respect to the 
sample groWn at 760° C. in series III, pOverall only increases 
from 1.1><10° cm'2 to 4.7><10° cm'2 for Ax=0.28. There is 
still pileup formation, so the pOverall Would have been even 
loWer if grading had been stopped earlier. 

[0108] The results also shoW that dislocation glide mobil 
ity must increase With indium composition, otherWise drop 
ping the groWth temperature to 650° C. should result in 
p"vm11§1.2><107 cm'2 according to the results of series III. 
Dislocation glide kinetics have not been studied systemati 
cally in InXGa1_XP, but the general composition dependence 
can be inferred from available data. FIG. 19 shoWs that 
dislocation glide velocities are several orders of magnitude 
greater in InP than in GaP. FIG. 19 is a graph shoWing a plot 
of dislocation glide velocity versus l/T for 0t and [3 dislo 
cations in GaP and InP. Ashear stress of 1 MPa Was used for 
the calculations. Dislocations in InP glide several orders of 
magnitude faster than those in GaP. 

[0109] FIG. 20 is an equilibrium phase diagram for 
InXGa1_XP. The solidus temperature drops mostly betWeen 
x=0 and x=0.3, Which suggests that materials properties 
should change dramatically in that composition range. The 
InXGa1_XP phase diagram in FIG. 20 shoWs that most of the 
change in solidus temperature occurs betWeen x=0 and 
x=0.3, so most of the change in materials properties betWeen 
GaP and InP should occur in that range. Therefore, dislo 
cation glide kinetics should increase by orders of magnitude 
betWeen x=0 and x=0.3. Since relaxation is limited by 
dislocation glide kinetics in the absence of branch defects, 
the faster kinetics at x=0.2 alloW groWth temperature to be 
dropped to 650° C. Without increasing pOverall to the high 
value seen in series III. 
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[0110] The optimiZed sample shoWs that changing groWth 
temperature as a function of composition results in improved 
material quality. Dislocation glide kinetics set a loWer limit 
for defect density, but glide kinetics increase With indium 
composition and alloW groWth temperature to be dropped to 
control branch defects. Further optimiZation requires a better 
understanding of the evolution of branch defects. 

[0111] The effect of the branch defects on relaxation is 
clear: branch defects interact With dislocations to pin or sloW 
glide, resulting in increased ppileup and pOverall The results of 
series II, III, and IV illustrate hoW branch defects can be 
eliminated or suppressed to minimiZe their effect on relax 
ation. Additional progress depends on understanding the 
mechanisms of branch defect formation. 

[0112] Several basic properties of branch defects can be 
observed directly. TEM shoWs that the branch defects are 
crystallographic features that can contain sharp tensile strain 
?elds. Although AFM and XTEM reveal that branch defects 
form very shalloW cusps at the surface, they appear to hinder 
or pin dislocations primarily through their strain ?elds. 
Strong branch defects may also act as loW activation energy 
sites for heterogeneous dislocation nucleation, but such an 
effect is dif?cult to identify. 

[0113] The evolution of branch defects can also be fol 
loWed empirically. The formation and development of 
branch defects appears to be primarily controlled by groWth 
temperature. Evaluation of all the available data reveals 
strong temperature dependencies for branch defect forma 
tion, strength, and density. 
[0114] The onset of branch defect formation varies With 
groWth temperature. At 760° C., branch defects are com 
pletely absent at x=0.11 and are present at x=0.26, so they 
must form someWhere betWeen those tWo compositions. The 
relatively loW pOverall at x=0.26 in series I indicates that 
branch defect formation must begin close to x=0.26. XTEM 
of the same sample shoWs that branch defects only penetrate 
the last several steps of the graded buffer. Overall, branch 
defects appear to form at x~0.2 for a groWth temperature of 
760° C. At 700° C., the beginning of branch defect formation 
can be seen at x=0.09 in series I, so branch defects form at 
x~0.1 for a groWth temperature of 700° C. At 650° C., Well 
developed branch defects are already present at x=0.15. 
Given the trend seen betWeen 760° C. and 700° C., branch 
defects probably appear at x<0.1 for a groWth temperature of 
650° C. Although indium composition is used to describe the 
onset of branch defect formation, the current data cannot be 
used to differentiate Whether branch defect formation 
depends on composition or total ?lm thickness since the 
same grading rate Was used in all of the samples. 

[0115] Branch defect strength also varies With tempera 
ture. Series II and IV shoW that branch defects become 
stronger With increasing temperature. Series III appears to 
shoW the opposite trend, but this is due to the temperature 
dependence of branch defect formation: at x~0.1, branch 
defects in the samples groWn at loWer temperature have 
formed and evolved further than in samples groWn at higher 
temperature. This indicates that although the onset of branch 
defect formation occurs later With increasing temperature, 
branch defect strength develops much more rapidly at higher 
temperatures. 

[0116] Comparison of the samples graded to x=0.31 at 
760° C. in series I and II shoWs that grading rate also affects 
















