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Electron Microscopy Studies of GaP(N,As) Grown on Si

A. Norman, J. Geisz, J. Olson, K. Jones, and M. Al-Jassim
National Renewable Energy Laboratory
1617 Cole Boulevard, Golden, CO 80401
andrew norman@nrel.gov

ABSTRACT

The objective of this work is to perform transmission
electron microscopy (TEM) studies of GaP(N,As) alloys
grown by metal-organic chemical vapor deposition
(MOCVD) on Si substrates. These alloys are of interest for
the fabrication of high-efficiency tandem solar cells based
on Si. The results indicated that the nucleation and growth
conditions used are critical for obtaining planar epitaxial
layers with a low defect density. In particular, antiphase
domains are eliminated using a low growth temperature.
TEM studies of these alloy layers, which contain only a few
percent N, revealed no phase separation. However, electron
diffraction studies revealed the first evidence of CuPt-type
atomic ordering in these P-rich, dilute nitride alloy layers.

1. Objectives

The objective of this research is to study, using
transmission electron microscopy (TEM), epitaxial layers of
GaP(N,As) alloys grown by metal-organic chemical vapor
deposition (MOCVD) on Si substrates. These alloys are
being investigated for application in II1I-V/Si lattice-matched
tandem solar cells that have potential efficiencies greater
than that achievable by current Si-based technology [1, 2].
The aim of this work is to determine the nature and origin of
defects introduced during nucleation and growth of the
layers to aid optimization of growth procedures and
eliminate defect generation. The compositional uniformity
of the alloy layers is also investigated.

2. Technical Approach

GaP(N,As) alloys can be grown lattice-matched on Si
substrates, offering the potential to achieve much reduced
defect density layers in comparison to lattice-mismatched
systems such as GaAs/Si. In addition, a lattice-matched
alloy can be grown with a direct bandgap that is near the
optimum to produce the highest predicted efficiency for an
III-V/Si tandem solar cell [1, 2]. Despite the close lattice-
match to Si, growth of these III-V alloys with high
structural and optical quality is challenging for several
reasons. Clean, oxide-free, planar Si surfaces are required
prior to growth to avoid nucleation problems and the
introduction of antiphase domains (APDs) at the III-V/Si
interface. The growth conditions during nucleation are also
critical to avoid the formation of three-dimensional islands
that can result in the generation of stacking faults and
threading dislocations as the islands coalesce. Mismatch of
thermal expansion coefficients can also result in the
cracking of layers. In addition, GaP(N,As) alloys are
expected to become unstable toward phase separation as

more N is added, and differences in the atomic sizes of the
group V atoms may drive the alloy to atomically order
during epitaxial growth. We have therefore performed TEM
studies on thin cross-section and plan-view specimens of
these alloy layers, prepared using standard techniques, in a
Philips CM30 operated at 300 kV.

3. Results and Accomplishments

All the samples examined in this work were grown by
MOCVD in a reduced pressure (200 torr) reactor on (001)
Si substrates offcut by 2° toward (111). Prior to growth of
alloy layers on Si substrates, a thin (~ 40 nm) GaP
nucleation/buffer layer was grown.

Non-optimized nucleation and growth conditions for the
GaP buffer layer and non-optimized Si substrate preparation
resulted in island growth and the generation of a high
density of threading dislocations and APDs in the layers.
The best Si substrate preparation was found to be a cleaning
in 2:1:10 (ammonia: H,0,: H,O) solution followed by
etching in HF. In the reactor, the substrate was heated up
under H, and then annealed under a low flow of AsH; for 10
minutes at 800°C prior to growth of the GaP buffer layer.
The growth temperature of the GaP buffer was found to be a
key parameter in obtaining planar growth, eliminating
APDs, and reducing threading dislocation density. Fig. one
shows a plan-view TEM micrograph of a thin (60 nm) GaP
nucleation layer deposited on a Si substrate at 850°C. GaP
layers deposited under these conditions contained a high
density of APDs (see Fig. 1). The APDs were eliminated by
initiating growth of the GaP nucleation/buffer layer at the
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Fig. 1. Plan-view TEM micrograph of GaP
buffer layer grown on Si substrate at 850°C
containing a high density of APDs.
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Fig. 2. Plan-view TEM micrograph of GaP
buffer layer grown on Si substrate initially at
800°C.

lower temperature of 800°C (see Fig. 2), with the
temperature subsequently increased during growth to 850°C
over several minutes. The only defects observed in such
layers were a low density of interfacial dislocations
associated with the lattice misfit between the GaP and the Si
substrate. APDs can originate at certain types of atomic
steps at the III-V/Si interface [4]. A long surface diffusion
length at higher growth temperatures can enhance the
growth of APDs [4].

Using GaP buffer layers nucleated under these conditions,
we have achieved growth of planar GaP(N,As) alloy layers
with no detectable APDs and a significantly reduced
threading dislocation density, e.g., see Fig. 1 in [3].
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Fig. 3. (110) TED pattern showing
evidence of CuPt-type atomic ordering in a
GaNj ogPg 02 alloy layer grown at 600°C.

TEM studies of all the GaNPAs and GaNP alloy layers,
containing only a few percent N, examined so far revealed
no evidence for phase separation. However, transmission
electron diffraction (TED) studies of these GaNPAs and
GaNP alloy layers grown in both a reduced pressure (200
torr) and an atmospheric pressure MOCVD reactor have

revealed the first evidence of CuPt-type atomic ordering on
{111} planes in these P-rich, dilute nitride alloys, e.g., see
Fig. 3. This ordering is believed to be associated with
anion-anion dimerization resulting from reconstruction of
the (001) surface that occurs during epitaxial growth. The
ordering is driven by strain associated with incorporating
the different-sized group V atoms at the reconstructed
growth surface. The occurrence of atomic ordering in these
alloy layers is significant because it can have important
effects on the optical and electronic properties of the alloys.
The dimer-induced mechanism of atomic ordering has also
been predicted to enhance the solubility of N near the
surface in III-V semiconductors [5]. Subsequently, this high
concentration of N may remain frozen in during further
layer growth depending on the growth conditions used.

4. Conclusions

We have performed TEM studies to investigate the nature
and origin of defects generated during the MOCVD growth
of GaP(N,As) alloys on Si substrates. The results
demonstrated that the nucleation and growth conditions used
are key in obtaining low defect density layers. We have
found no evidence of phase separation in the alloys
examined, which only contained a few percent N. TED
studies revealed the first evidence of CuPt-type atomic
ordering in these P-rich, dilute nitride alloys. This ordering
could have significant effects on the optical and electronic
properties of the layers and also enable a higher solubility of
N in the material. Future work will concentrate on further
study of defect generation and the occurrence of atomic
ordering during growth of this material, with the aim of
greater improvements in the layer quality.

REFERENCES
[17J. F. Geisz and D. J. Friedman, “III-N-V Semiconductors
for Solar Photovoltaic Applications,” Semicond. Sci. and
Technol. 17, 769-777 (2002).
[2] J. F. Geisz, D. J. Friedman, and Sarah Kurtz,
“GaNPAs Solar Cells Lattice-Matched to GaP,” Proc. of the
28" IEEE PV Specialists Conference, 2002, New Orleans,
LA, pp. 864-867.
[3]1J. Geisz, J. Olson, D. Friedman, S. Kurtz, W. McMahon,
M. Romero, R. Reedy, K. Jones, A. Norman, A. Duda, A.
Kibbler, C. Kramer, and M. Young, “III-V/Silicon Lattice-
Matched Tandem Solar Cells,” this proceedings.
[4] H. Yonezu, “Control of Structural Defects in Group III-
V-N Alloys Grown on Si,” Semicond. Sci. and Technol. 17,
762-768 (2002).
[5] S. B. Zhang and A. Zunger, “Surface-Reconstruction-
Enhanced Solubility of N, P, As, and Sb in II-V
Semiconductors,” Appl. Phys. Lett. 71, 677—679 (1997).



REPORT DOCUMENTATION PAGE o A oved e

—

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing the burden, to Department of Defense, Executive Services and Communications Directorate (0704-0188). Respondents
should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a
currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
January 2005 Conference Paper

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Electron Microscopy Studies of GaP(N,As) Grown on Si DE-AC36-99-GO10337

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
A. Norman, J. Geisz, J. Olson, K. Jones, and M. Al-Jassim NREL/CP-520-37035
5e. TASK NUMBER
PVA53201

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
National Renewable Energy Laboratory REPORT NUMBER
1617 Cole Blvd. NREL/CP-520-37035

Golden, CO 80401-3393

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
NREL

11. SPONSORING/MONITORING
AGENCY REPORT NUMBER

12. DISTRIBUTION AVAILABILITY STATEMENT
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road
Springdfield, VA 22161

13. SUPPLEMENTARY NOTES

14. ABSTRACT (Maximum 200 Words)
The objective of this work is to perform transmission electron microscopy (TEM) studies of GaP(N,As) alloys grown
by metal-organic chemical vapor deposition (MOCVD) on Si substrates. These alloys are of interest for the
fabrication of high-efficiency tandem solar cells based on Si. The results indicated that the nucleation and growth
conditions used are critical for obtaining planar epitaxial layers with a low defect density. In particular, antiphase
domains are eliminated using a low growth temperature. TEM studies of these alloy layers, which contain only a few
percent N, revealed no phase separation. However, electron diffraction studies revealed the first evidence of CuPt-
type atomic ordering in these P-rich, dilute nitride alloy layers.

15. SUBJECT TERMS
PV; transmission electron microscopy (TEM); metal-organic chemical vapor deposition (MOCVD); high-efficiency;
tandem solar cells; planar epitaxial layers; low defect density; nitride alloy layers;

16. SECURITY CLASSIFICATION OF: 17. LIMITATION [18. NUMBER [ 19a. NAME OF RESPONSIBLE PERSON
a. REPORT b. ABSTRACT | c. THIS PAGE OF ABSTRACT OF PAGES
Unclassified | Unclassified | Unclassified uL 19b. TELEPHONE NUMBER (Include area code)

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18

F1147-E(12/2004)





