
Characterization of thin-film GaAs diodes grown on germanium-on-insulator on Si
substrate
Z. Xu, S. F. Yoon, Y. C. Yeo, C. K. Chia, Y. B. Cheng, and G. K. Dalapati 
 
Citation: Journal of Applied Physics 111, 044504 (2012); doi: 10.1063/1.3686182 
View online: http://dx.doi.org/10.1063/1.3686182 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/111/4?ver=pdfcov 
Published by the AIP Publishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:  155.69.4.4

On: Wed, 26 Feb 2014 01:08:47

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1479233748/x01/AIP-PT/JAP_Article_DL_0214/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Z.+Xu&option1=author
http://scitation.aip.org/search?value1=S.+F.+Yoon&option1=author
http://scitation.aip.org/search?value1=Y.+C.+Yeo&option1=author
http://scitation.aip.org/search?value1=C.+K.+Chia&option1=author
http://scitation.aip.org/search?value1=Y.+B.+Cheng&option1=author
http://scitation.aip.org/search?value1=G.+K.+Dalapati&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.3686182
http://scitation.aip.org/content/aip/journal/jap/111/4?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov


Characterization of thin-film GaAs diodes grown on
germanium-on-insulator on Si substrate

Z. Xu,1,a) S. F. Yoon,1 Y. C. Yeo,2 C. K. Chia,3 Y. B. Cheng,3 and G. K. Dalapati3
1School of Electrical & Electronic Engineering, Nanyang Technological University, 50 Nanyang Avenue,
639798, Singapore
2Department of Electrical and Computer Engineering, National University of Singapore, 4 Engineering
Drive 3, 117576, Singapore
3Institute of Materials Research Engineering (IMRE), Agency for Science, Technology and Research
(A*STAR), 3 Research Link, 117602, Singapore

(Received 3 August 2011; accepted 18 January 2012; published online 17 February 2012)

In this study, we report the characterization of thin-film GaAs grown on germanium-on-insulator

(GeOI) on Si substrate. A GaAs/GeOI diode with a 600 nm buffer layer showed a rectification of

1.0� 107 at 62 V and had an electrical performance similar to that of the reference sample grown

on GaAs substrate. We demonstrate two thin diodes (<350 nm in thickness) that still showed high

forward densities and rectification properties. The electrical performances of the diodes degraded

as the diode active regions were grown closer to the GaAs/Ge interface due to the increase

of defects propagating into the active regions. The experimental results were fitted with the

thermionic emission equation and the Frenkel-Poole model. VC 2012 American Institute of Physics.

[doi:10.1063/1.3686182]

I. INTRODUCTION

III-V direct monolithic integration with Si has attracted

considerable attention because of its strong potential industry

applications. Achievements in this area will bring about

unprecedented opportunities to produce high performance devi-

ces using the low-cost silicon manufacturing infrastructure.

These devices include optoelectronics integrated circuits, on-

chip optical interconnects, Si photonics, and memory devices.

To overcome the large lattice mismatch (�4.1%) and the

large difference in the thermal expansion coefficient (�110%)

between GaAs and Si, GaAs has been grown on a Ge virtually

terminated layer through either a compositionally graded

Si1-xGex layer or a germanium-on-insulator (GeOI) on Si sub-

strate (GeOI/Si), since there is a small lattice mismatch

(�0.08%) and close thermal expansion coefficients between

GaAs and Ge.1,2 It has also been reported that growing a thick

GaAs buffer layer suppressed the propagation of threading

dislocations from the GaAs/Ge interface.3 However, for logic

device applications, a thinner III-V layer thickness is desirable

for lower cost and higher density integration. Thus, the quality

of thin GaAs grown on a Ge layer is important.

In this paper, we present characterization of several

thin-film GaAs epitaxial structures (within a few hundred

nanometers) grown on GeOI/Si. The tested GaAs/GeOI/Si

diode devices showed high forward current densities and rec-

tifying ratios.

II. EXPERIMENT PROCEDURE AND DEVICE
FABRICATION

The GaAs epitaxial layer was grown by the solid-source

molecular beam epitaxy (MBE) technique on GeOI/Si

substrate. The substrate consisted of a 70 nm un-doped Ge

10� off-cut toward the h111i plane on top of a 1 lm SiO2 on

the Si host substrate. The GeOI/Si substrate was cut into a

2 cm� 2 cm area and treated by rinsing in HF (HF:H2O in

1:10 ratio) and washing in running de-ionized water followed

by H2O2 (H2O2:H2O in 1:10 ratio). This process etched off

the native oxide layer and formed a new oxide layer on the

Ge surface.4 The cleaned substrate was carried in a vacuum

holder and was loaded into the MBE UHV chamber. The sub-

strate was degassed at 350 �C in the preparation chamber.

Surface oxide was desorbed at 640 �C, and the substrate was

in situ annealed at 680 �C in the growth chamber. The forma-

tion of double-atomic surface steps on the Ge surface was

observed from the RHEED pattern. A 10-monolayer migra-

tion-enhanced epitaxy (MEE) of GaAs was first grown at a

low temperature as a seeding layer.1 The GaAs junction was

grown at a standard MBE growth temperature of 580 �C at

1 lm/hr. The tested epilayer structures are shown in Table I.

The p-type contact layer was doped with Be with a concentra-

tion of 1.3� 1019 cm�3, and the n-type contact layer was

doped with Si with a concentration of 6.6� 1018 cm�3.

The devices were fabricated using the standard dry etch

and photolithography techniques. Ti/Au was used for the

p-contact metallization and Ni/Ge/Au was used for the

n-contact for all samples except for Sample A, which had an

additional In0.2Ga0.8As layer to enable Ti/Au metallization

on top of the n-type GaAs. After forming the contacts, the

devices were isolated by etching down to the SiO2 layer. The

diode junction has an area of 1.45� 10�4 cm�2 (Fig. 1).

III. DEVICE CHARACTERIZATION

A. Surface morphology

Figure 2(a) and the inset of Fig. 2(b) show the cross-

sectional transmission electron microscopy (X-TEM) from

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

n060042@e.ntu.edu.sg.

0021-8979/2012/111(4)/044504/4/$30.00 VC 2012 American Institute of Physics111, 044504-1

JOURNAL OF APPLIED PHYSICS 111, 044504 (2012)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:  155.69.4.4

On: Wed, 26 Feb 2014 01:08:47

http://dx.doi.org/10.1063/1.3686182
http://dx.doi.org/10.1063/1.3686182
http://dx.doi.org/10.1063/1.3686182


two GaAs/GeOI samples. The anti-phase domains (APDs)

were observed and self-annihilated within �100 nm from the

GaAs/Ge interface. Tanoto et al. reported that the APDs will

mostly be confined in the h111i plane and the rest will be

self-annihilated in pairs.1 Therefore, we should expect few

APDs to propagate into the active region, since this region is

far away from the GaAs/Ge interface.

Figure 2(b) shows the plane-view of the scanning elec-

tron microscopy (SEM) image of Sample F with a total

GaAs thickness of 200 nm. The V-groove patterns were

TABLE I. Epilayer structures (indicated with nominal thickness).

Structure Sample A Sample B, C, D Sample E Sample F

Cap layer InGaAs: Si

(6.6� 1018 cm�3)

15 nm

… … …

Diode GaAs: Si

(6.6� 1018 cm�3)

100 nm

GaAs: Be

(1.3� 1019 cm�3)

100 nm

GaAs: Si

(6.6� 1018 cm�3)

20 nm

GaAs: Si

(6.6� 1018 cm�3)

20 nm

GaAs: Si

(5� 1016 cm�3)

250 nm

GaAs: Be

(1.3� 1016 cm�3)

200 nm

GaAs n.i.d.

150 nm

GaAs n.i.d.

100 nm

GaAs: Be

(1.3� 1019 cm�3)

400 nm

GaAs: Si

(6.6� 1018 cm�3)

400 nm

GaAs: Be

(1.3� 1019 cm�3)

180 nm

GaAs: Be

(1.3� 1019 cm�3)

80 nm

Buffer layer GaAs n.i.d

600 nm

GaAs n.i.d

B: 200 nm

C: 100 nm

D: 50 nm

… …

Substrate GeOI/Si

FIG. 1. (Color online) (a) A photograph

of the top-view of a GaAs on GeOI/Si

diode with a mesa diameter of 90 lm

and a top contact size of 90 lm� 90 lm.

(b) A diagram of the diode’s cross-

sectional view.

FIG. 2. (a) An X-TEM image of GaAs on GeOI/Si calibration sample. (b) A plane-view SEM image of Sample F (Inset: X-TEM image of Sample F).
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observed on the surface, and they are possibly the signs of

thread dislocations. A similar observation was reported by

Bordel et al. in Ref. 2. Based on the scanned sample, the esti-

mated thread dislocation density (TDD) on the Sample F sur-

face was about 3� 108/cm2.

B. Current-voltage characteristics

Current density–voltage (J-V) characteristics were meas-

ured with Agilent Precision Semiconductor Parameter Ana-

lyzer HP4156B. Sample A consisted of a 600 nm GaAs

buffer and a 400 nm bottom contact layer, which effectively

separated the diode active region further away from the

GaAs/Ge interface. Sample A started a soft reverse break-

down from �8 V and it broke down at around �9 V, which

was close to that of the reference sample with the identical

epilayer structure grown on a GaAs substrate (Fig. 3(a)). The

rectification of Sample A was 1.0� 107 at 62 V.

Samples B, C, and D had a reduced GaAs buffer thick-

ness, and their polarity was inverted. The breakdown voltage

decreased from �7.8 V in Sample B to �5.8 V in Sample D,

as shown in Fig. 3(b). Consequently, an increase in the leak-

age current levels was observed as the GaAs buffer layer

was reduced. Hence, the rectification current ratios were

reduced. Sample D (the worst case in the second series)

showed a forward current density of 135 A/cm2 at þ2 V and

a rectification of 6.2� 103 at 62 V.

Compared to the previous samples, Samples E and F

eliminated the dedicated GaAs buffer layer. To maintain a

relatively low reverse current, a non-intentionally doped

(n.i.d.) layer was used. At þ2 V, the forward current den-

sities were 448 A/cm2 and 350 A/cm2 for Samples E and F,

respectively (Fig. 3(c)). The increase in the forward current

densities was due to the reduction of the thickness of the

contact layers. Theoretically, a higher forward current den-

sity could be achieved with such high doping levels and thin

epilayers. The loss in the forward current density was attrib-

uted to the carrier recombination, and this agreed with the

calculated ideality factor shown in Sec. III C.

As the diode active region formed closer to the GaAs/

Ge interface, both diodes exhibited higher leakage current

levels. At 62 V, the rectifications were 2.1� 102 and 42 for

Samples E and F, respectively. The higher leakage current

levels are believed to be related to the presence of TDD,

since TDD leads to the increase of leakage current density

and the reduction of minority carrier lifetime.5,6

C. Current conduction analysis

Samples E and F had compact structures grown on

GeOI/Si and yet they demonstrated proper rectifying behav-

iors. The experimental results were fitted with current con-

duction models. Under the forward bias condition, we

neglected any shunt resistance forming an additional con-

ducting path, and the thermionic emission model was found

to be sufficient in this case. The thermionic emission equa-

tion is given as

J ¼ Jsth exp
q V � RsJ � Adiodeð Þ

nkT
� 1

� �
; (1)

FIG. 3. (Color online) J-V characteristics for (a) Sample A and the reference

sample (Inset: Reverse breakdown behavior). (b) Samples B, C, and D with

a reduced GaAs buffer layer thickness (Inset: Reverse breakdown behavior).

(c) Samples E and F with fitting results.
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where Jsth is the saturation current density, q is the elemen-

tary electron charge, Rs is the series resistance consisting of

the resistance from the doped layers and the semiconductor/

metal contact, k is the Boltzmann constant, n is the ideality

factor, Adiode is the diode junction area, and T is the ambient

temperature, which was around room temperature.

Under the reverse bias condition, practical diodes do not

ideally have constant reverse currents as �Jsth, and their

leakage current has to be taken into consideration. A correla-

tion between the leakage current density and TDD has been

reported, and the defect states related to the threading dislo-

cations caused a higher leakage current density.5,7,8 In this

approach, the reverse bias–dependent leakage current was

calculated by the Frenkel-Poole model,9,10 given as

J ¼ qn0lV

W
exp � q

kT
/�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qV

pere0W

r� �� �
; (2)

where n0 is the trap density, l is the mobility, / is the barrier

height, er is the semiconductor relative permittivity, e0 is the

permittivity in vacuum, and W is the depletion width, which

was assumed to be close to the nominal thickness of the non-

intentionally doped layer.

The fitted curves are plotted in Fig. 3(c), and the fitting

parameters are shown in Table II. For both samples, the

ideality factors were larger than 2, which indicated the pres-

ence of the recombination mechanism. The recombination

current was caused by the threading dislocations in the GaAs

layer, particularly in the region across the junction. Further-

more, the fitted trap density (n0) for Sample F was three

orders higher than that of Sample E, which suggests that

more threading dislocations propagated into the active region

of Sample F, since it was much closer to the GaAs/Ge inter-

face. Although the APDs seen in the TEM image self-

annihilated within 100 nm from the GaAs/Ge interface, they

could affect the active region by the APD-induced local elec-

tric field that leads to a large leakage current density and to

premature breakdown behavior.11 From Eq. (1), an even

higher forward current density is expected if the device area

(Adiode) is further reduced.

IV. CONCLUSION

In conclusion, we have characterized several GaAs

diodes on GeOI on Si substrate. By reducing the thickness of

the GaAs layer, the tested diodes exhibited a higher leakage

current and a smaller breakdown voltage. These were mainly

due to the presence of conductive dislocations in the active

region. Two compact GaAs diodes had total thicknesses of

350 nm and 200 nm, showed high forward current densities

of 448 A/cm2 and 350 A/cm2, and showed rectifications of

2.1� 102 and 42 at 62 V, respectively. The current–voltage

experimental results were fitted using the thermionic emis-

sion equation and the Frenkel-Poole model.
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