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The monolithic integration of III-V semiconductors on silicon and particularly of GaAs has aroused

great interest since the 1980s. Potential applications are legion, ranging from photovoltaics to high

mobility channel transistors. By using a novel integration method, we have shown that it is possible

to achieve heteroepitaxial integration of GaAs crystals (typical size 1 lm) on silicon without any

structural defect such as antiphase domains, dislocations, or stress, usually reported for direct GaAs

heteroepitaxy on silicon. However, concerning their electronic properties, conventional free carrier

characterization methods are impractical due to the micrometric size of GaAs crystals. In order to

evaluate the GaAs material quality for optoelectronic applications, a series of indirect analyses such

as atom probe tomography, Raman spectroscopy, and micro-photoluminescence as a function of tem-

perature were performed. These revealed a high content of partially electrically active carbon origi-

nating from the trimethylgallium used as the Ga precursor. Nevertheless, the very good homogeneity

observed by this doping mechanism and the attractive properties of carbon as a dopant once con-

trolled to a sufficient degree are a promising route to device doping. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4974538]

I. INTRODUCTION

For thirty years, researchers have been attempting to

integrate III–V semiconductors, in particular, GaAs on sili-

con, the purpose being to combine the advantage of the

dominant and much researched silicon technology with the

good optical and electrical properties of gallium arsenide.

Many applications are expected such as photodetectors, opti-

cal interconnections, and lasers in innovative optoelectronic

integrated circuits (OEICs), in high mobility channel transis-

tors, and in multijunction solar cells.1–7

However, three major intrinsic problems have to be

overcome: the lattice parameter mismatch (about 4%) gen-

erating a high density of threading dislocations, the polar or

non polar nature of, respectively, GaAs or Si, and the differ-

ence of thermal expansion coefficient, which is at the origin

of cracks for thick GaAs layers.8 Several approaches to

these problems have been investigated to date, but until

now, no one succeeded in achieving the defect-free and

cost-effective integration of 2D continuous GaAs layers.

One of these approaches, selective area epitaxy (SAE) of

GaAs on patterned Si, has shown significant improvements,

yielding mostly defect-free epitaxial layers. However, the

relaxation process occurring at the GaAs/Si interface leads

to a high density of misfit dislocations at levels, which are

prohibitive for applications involving carrier transport

through the interface area. We have recently demonstrated

by a new method called ELTOn (for Epitaxial Lateral

overgrowth on Tunnel Oxide from nano-seed) the defect-

and strain-free heteropitaxy of micrometric GaAs crystal on

Si, yielding an effective electrical contact of the epitaxial

layer to the substrate.9 The ELTOn approach needs highly

selective epitaxial growth of GaAs on silicon, as it is cur-

rently achieved by metalorganic chemical vapor deposition

MOCVD or chemical beam epitaxy (CBE). In both cases,

the most commonly used gaseous precursor for the Ga ele-

ment is trimethylgallium (TMGa) in combination with

arsine (AsH3) or tertiarybutylarsine (TBAs). Nonetheless,

several studies have reported high doping levels attributed

to the presence of carbon in homoepitaxial GaAs grown

from TMGa.10–12 In addition, our own previous I(V) meas-

urements9 were consistent with a p-type non-intentional

doping possibly due to carbon incorporation. It is then of

primary importance for applications to evaluate the concen-

tration of carbon from TMGa and the resulting dopant level

in ELTOn microcrystals.

Hall effect and capacitance-voltage measurements are

the dedicated methods for measuring the type and concen-

tration of electrical carriers. However, due to the micromet-

ric size of GaAs ELTOn crystals, electrical characterization

along these lines is very challenging. Therefore, we will

attempt to trace back the carrier concentration by indirect

and contactless methods. First, atom probe tomography

(APT) was performed to inform us on the concentration

of carbon. Then, the effective carrier concentration and

type were deduced from Raman and photoluminescence

spectroscopies that could be easily performed in routine

inspection.a)timothee.moliere@gmail.com
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II. EXPERIMENTAL DETAILS

The GaAs microcrystals were grown on silicon through

a silica mask structured with nanoscaled openings (Fig. 1).

The selective heteropitaxy was realized by chemical beam

epitaxy (CBE) at the growth temperature of 575 �C using the

gaseous precursors Trimethylgallium (TMGa) and

Tertiarybutylarsine (TBAs). For more details of the growth

procedure, the reader is referred to the previous studies.9,13

APT analyses were performed using a Local Electrode

Atom Probe (LEAP 3000X HR) at the IM2NP (Marseille,

France) in the pulsed voltage mode. The specimen base

temperature was about 20 K. There were primarily extracted

from GaAs microcrystals grown on silicon and prepared in

nanometric tips by standard focalised-ion-beam (FIB) annu-

lar milling (Fig. 2).

The Raman spectra presented in this paper were obtained

using a confocal microscope in a backscattering geometry. The

injection and collection are achieved by the same lens. The

Raman excitation source was a frequency-doubled Nd:YAG

laser at 532 nm with an average power of 250 lW. A 50 lm

core diameter optical fiber acts as the confocal pinhole. The

spot size around 1 lm allowed the selective analysis of the

unique GaAs microcrystal. A Si charge-coupled array detector

and a 1800 grooves/mm grating were used to record the spectra

with a spectral resolution of 1 cm�1.

The micro-photoluminescence used the same configura-

tion for the excitation source, whereas the detection is

realized by a CCD InGaAs camera and a 150 grooves/mm

grating. The spot size is in this case 5 lm due to the long

range 20� infrared lens used. The temperature regulation

was obtained by a nitrogen-based cryostat down to 80 K. All

the analyses were realized on a unique and representative

crystal. Measurements performed on identical crystals have

shown the same response.

III. RESULTS AND DISCUSSION

A. Atom probe tomography

The APT analysis was performed on two GaAs micro-

crystals grown on Si(100) at 575 �C (Fig. 1) and Si(111) for

comparison. The first one shows two twin boundaries,13

whereas the second one is perfectly monocrystalline and free

of any structural defect.9

The quantification and spatial distribution of species

based on the mass spectroscopy reveal that the GaAs is per-

fectly homogeneous (Fig. 3). Despite the first impression

that might lead to believe that the concentration is higher at

the interface (due to the varying cross section), 1D carbon

concentration profiles performed throughout the tips did not

reveal important density variation. Moreover, no significant

difference was found between the two samples analyzed in

terms of both atomic density and distribution showing that

there is no precipitation of impurities at the twin boundaries.

FIG. 1. GaAs/Si(100) epitaxial growth

in planar view (a) and front view (b)

by SEM.

FIG. 2. The SEM image of a GaAs crystal prepared in nanometric tip by

FIB.

FIG. 3. 3D spatial distribution of carbon impurities in a GaAs crystal pre-

pared by FIB in the form of a very sharp tip.
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The second important information is the high concentra-

tion of carbon impurities (0.2%) within the crystals. The con-

centration corresponding to 8:8� 1019 cm�3 is at the higher

end of reported values in the literature.14,15 This incorpora-

tion would render the material metallic if all carbon atoms

were electrically active. This is useful for specific applica-

tions such as non-alloyed ohmic contacts or tunnel junctions

but is inhibitory for the majority of optoelectronic applica-

tions. As a result, complementary analysis of dopant activity

is required in order to ascertain the suitability of the material

for the applications envisaged.

As mentioned in the introduction, several authors

describe important carbon incorporations within their epitax-

ial GaAs layer grown with TMGa. Indeed, the use of gaseous

organometallic sources for the element III may lead to high

doping level depending on growth conditions in GaAs. One

study conducted by Abernathy et al. showed that the TMGa

precursor was accountable for the high carbon density within

the GaAs grown layer and that the use of alternative sources

as Triethygallium (TEGa) solves the problem.10,11 This

different behavior can be explained by the decomposition

process of the TMGa molecule. In CBE conditions, after

injection in the growth chamber under vacuum (10�2 Torr),

molecules condense on the wafer surface. Then, due to the

temperature imposed by a heating system, these latter will

lose their hydrocarbon radicals by thermal decomposition,

while the remaining semiconductor elements on the surface

will contribute to the epitaxy. However, in the TMGa case, it

is assumed that due to incomplete decomposition, a fraction

of carbon atoms bonded to the Ga in the form of GaCH3 may

be buried in the growing film.16

As a matter of fact, it is well known that decomposition

of TMGa occurs sequentially. The kinetic studies tend

to prove that the split-off energy around 250 kJ/mol and

150 kJ/mol for, respectively, the first and second CH3 radi-

cals rises to 325–340 kJ/mol for the last one.16,17 These val-

ues are accountable to the high carbon incorporation level

measured by several authors. The low temperature and V/III

precursor ratio used in this work could explain the 0.2% car-

bon incorporation measured within the GaAs microcrystals.

Moreover, it is interesting to note that hydrogen from

the remaining GaCH3 ligands also has also a strong H-C

binding energy (410 kJ/mol) and is incorporated at the same

time.12 The hydrogen passivation property of acceptor impu-

rities (and donors) in GaAs may induce an effective free

carrier concentration lower than carbon level. Otherwise,

C atoms being a IV element can dope the III–V semiconduc-

tors such as GaAs both p or n depending on growth condi-

tions and its position in the lattice crystal. Thereby, a doping

compensation effect can also be observed.18 Consequently,

the next analysis will focus on measuring the effective car-

rier concentration.

B. Raman spectroscopy

A possible way to determine the carrier concentration in

polar semiconductors as GaAs is using Raman spectroscopy.

The typical Raman spectrum of GaAs consists of two optical

modes, the longitudinal optic (LO) at 292 cm�1 and the

transverse optic (TO) at 268 cm�1 (Fig. 4). In our case, only

the TO phonon is theoretically allowed whereas the LO is

forbidden due to selection rules.19 The observation of one or

the other modes depends on the scattering geometry.

Another phenomenon takes place for doped polar semicon-

ductors. The interaction between the collective oscillation of

free carriers (plasmons) with the LO phonons creates an

additional mode called the LO-plasmon coupled (LOPC)

mode. As the carrier density increases at high p doping, the

vibration frequency of this latter shifts toward lower wave-

numbers.20 This makes it possible to estimate the doping

level from the peak position.

In Figure 5, we show data from Seon et al.20 revealing

the relationship between the LOPC frequency redshift and

the hole concentration in p doped GaAs for different impuri-

ties. As it can be seen, this redshift depends also on the dop-

ant size. It is interpreted by saying that both carbon and

FIG. 4. Room temperature Raman spectrum of the GaAs crystal grown on

Si(100) at 575 �C compared with those of two GaAs wafers (100) and (110).

FIG. 5. Change between LOPC mode energy and that of bulk TO phonon

(D� LOPC) vs hole concentration. Data from Fukusawa et al.21 are repre-

sented by �, from Irmer et al.22 by � and from Seon et al.20 by �. The solid

curve is calculated by Seon et al. and was used to estimate the carrier con-

centration in our GaAs crystals.
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beryllium, which are relatively small atoms with respect to

gallium and arsenic, influence the vibrational spectrum of

GaAs in the same manner by their substitutional position in

the lattice. We can conclude two points: first, our GaAs crys-

tal seems to have hole concentration around 2� 1019 cm�3

(Table I). Second, the high redshift is consistent with an

atom of the size of carbon, which is compatible with the

atomic probe tomography analysis, but seems to indicate that

most of the incorporated carbons are in interstitial position.

However, regarding the difference in terms of materials

and analysis, the extrapolation of a curve from another study

to our results may induce errors on the estimated doping

level. This method may then only served as a first indication

on the nature of impurities and on the concentration of sub-

stitutional atoms.

C. Micro-photoluminescence

Another suitable technique for the determination of dop-

ing level is photoluminescence spectroscopy. This nondestruc-

tive and contactless method, commonly performed at room

temperature, yields information on the electronic structure of

materials. Basically, from the photoluminescence response, it

is possible to evaluate the material quality, the bandgap, and

detect defect levels in this latter. The carrier concentration is

usually deduced either by comparison to calibrated samples or

by referring to theoretical equation taking into account the

energy shift of PL peak depending on the doping. However,

the PL signal results of a complex combination of several phe-

nomena complicate its interpretation. Furthermore, in the case

of specific microstructure, such as the studied GaAs micro-

crystal here, no reference exists for comparison.

We have then developed a method allowing us to deter-

mine the carrier concentration by studying the PL peak

energy variation of the GaAs crystals versus the temperature.

This latter consists in measuring the bandgap by the PL peak

centroid for a wide range of temperatures below 300 K and

matching a theoretical equation with the carrier concentra-

tion as unknown parameter. The advantage is to greatly

improve the accuracy thanks to multiple measurements.

The variation of the intrinsic bandgap energy with tem-

perature can be expressed by the empirical Varshni equation23

Eg Tð Þ ¼ Eg 0ð Þ � aT2

T þ b
; (1)

where EgðTÞ is the bandgap energy at T, Egð0Þ is the

bandgap energy of pure GaAs at T ¼ 0 K equal to 1; 519

6 0; 001 eV, and a and b are empirical parameters obtained

from the fit of the right hand side to experimental set of

data. Here, those extracted by Olego et al.24 (a ¼ 5:1
� 10�4 eV K�1 and b ¼ 250 K) are in good agreement with

our data.

The bandgap narrowing in heavily doped P and N type

of several III–V semiconductors including GaAs can be

expressed by

DEBGN ¼ Ap1=3 þ Bp1=4 þ Cp1=2; (2)

where p is the majority carrier concentration, A, B, and C have

the following constant values: A ¼ 9; 83� 10�9 eV � cm,

B ¼ 3;90� 10�7 eV � cm3=4; C ¼ 3;90� 10�12 eV � cm3=2 for

GaAs P type (values from Jain et al.25) if EBGN is expressed

in eV and p in cm�3. Combining these two models in the fol-

lowing expression

Eg Tð Þ ¼ Eg 0ð Þ � DEBGN �
aT2

T þ b
: (3)

We can fit our data with the method of least squares and

thereby obtain an estimate of the majority carrier concentra-

tion (Fig. 6). It is shown that the bandgap evolution with tem-

perature of the GaAs p(Zn) reference wafer is well fitted with

this model without any change in the parameters of the litera-

ture.25 The best fit (not shown in Fig. 6 for clarity) gives a hole

density of 3� 1018 cm�3. This value is well within the doping

range specified by the wafer constructor data sheet. It is also

close to the one derived from a four probes measurement.

Being confident in this modelization of the bandgap evolution

with temperature extracted from the PL(T) measurements, we

then use it to derive the doping concentration of our GaAs

crystals from the PL(T) measurements, and we obtained a hole

concentration of 1� 1019 cm�3 (R2
adj ¼ 0:985). To give an

idea of the sensitivity of the method, we include on the graph

simulations for P type GaAs doped at 5� 1018 cm�3 and

2� 1019 cm�3. As it can be seen, the modelization is very sen-

sitive to a factor two variation of the doping concentration.

Then, the doping concentration of our GaAs microcrystals is

derived with a good accuracy from the PL(T) measurements.

The PL(T) measurements then show that the doping

concentration is significantly lower than the total carbon

TABLE I. Extrapolated carrier concentration from LOPC redshift.

Growth condition

LOPC redshift

(cm�1)

Estimated carrier

concentration (cm�3)

on Si(100) at 575 �C �0.8 2� 1019

FIG. 6. Measured bandgap derived from PL as a function of temperature for

a GaAs microcrystal on Si (�), for a p-doped GaAs wafer (brown triangle),

and for an undoped GaAs reference wafer (red square). The solid line is Eq.

(3) fitted to the GaAs microcrystal on Si. The dotted lines are displayed to

show the sensitivity of the simulation with Eq. (3) to a factor two variation

of the dopant concentration around the best fit of the GaAs microcrystals on

the Si data.
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concentration derived from APT measurements expressing

that only a fraction close to 10% of carbon atoms are effec-

tively active. Indeed, it is often observed in carbon doped

GaAs that not all carbon atoms are electrically active, and

the effective hole concentration is substantially lower than

the carbon concentration.12,26 Furthermore, the higher the

carbon concentration, the higher the fraction of passivated

carbon.27 The same phenomenon occurs for the compensa-

tion effect. Therefore, such a difference is not unusual and

could be explained by more specific chemical analyses on

the position of carbon in the lattice and the possible forma-

tion of passivation complex as C-Hx.

Other information can also be extracted from the PL

spectrum. Fig. 7 shows the PL emission of a GaAs micro-

crystal, as well as an undoped reference GaAs wafer for

comparison. Both spectra were obtained by using the same

experimental configuration, and in particular, a long range

20� infrared lens needed for PL(T) analysis with a cryostat.

This limits the spot size to 5 lm, which is larger than a

unique crystal. The measured PL intensity coming from the

GaAs crystal (1–2 lm) is then lowered, and the comparison

with the signal of a large and planar reference GaAs wafer is

difficult. Despite this fact, the integrated PL peak intensity of

the GaAs microcrystal is relatively high and close to the

intrinsic wafer (20% lower), indicating a good crystalline

quality as shown in previous reports.13,19 It is also interesting

to note the larger full width at half maximum (FWHM) of

the GaAs crystal compared to the undoped wafer, respec-

tively, 70 meV and 36 meV. This kind of broadening is

indeed frequently reported for heavily p-type carbon doping

of GaAs, which is consistent with the previous results, and

may be attributed to the convolution of the band-to-acceptor

and band-to-band emission peaks.28

IV. CONCLUSION

We investigated the presence and role of carbon impuri-

ties within GaAs microcrystals grown on the silicon substrate

by a new selective growth method called ELTOn (Epitaxial

Lateral overgrowth on Tunnel Oxide from nanoseeds) using

chemical beam epitaxy with trimethylgallium as the Ga

gaseous precursor (Table II). The electrically active concen-

tration of carbon acting as a p-type dopant was inferred from

photoluminescence versus temperature measurements and

found equal to 1� 1019 cm�3. This atomic density is around

10% of the total carbon concentration derived from atomic

probe tomography. These values are consistent with reports

in the literature for homoepitaxial GaAs using trimethygal-

lium as a gaseous precursor, as this molecule is known for

potentially leading to high carbon concentration depending

on growth condition caused by an incomplete thermal

decomposition. Finally, the methodology we have developed

is convenient and accurate, enabling the determination of

type of doping and carrier concentration within micrometric

GaAs crystals directly integrated on silicon substrates. The

optimization of GaAs devices integrated on silicon substrates

is now underway to take full advantage of both family mate-

rials for optoelectronic applications.
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