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Abstract

We report room temperature measurements of the third-order non-linear
susceptibility modulus, |X(3)|, of thick (~600 nm) InN layers. Transmission
measurements provide a room temperature value for the optical bandgap of the samples
slightly above 1500 nm. Third order non-linear optical susceptibility has been measured
using degenerate four wave mixing experiments at wavelengths near and above
bandgap. |X(3)| values of 4.2-10 x 10™'” esu were measured at this wavelength range. The
associated relaxation time of the generated population grating at 1500 nm was
measured. The obtained value of 4.8 ps is consistent a non-radiative recombination
mechanism. These figures are promising for the use of InN-based structures in all-

optical devices for information processing.
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Optical third order susceptibility of materials, XG ), is the responsible of a variety
of non linear phenomena, like self focusing, phase conjugation and four-wave mixing
(FWM) [1]. These effects have direct applications in coherent control of optical
communications. A common used technique to estimate % modulus is by performing
forward degenerate four wave mixing (DFWM) measurements [2]. The physical
principle underlying FWM has been employed, for instance, to control the speed of light
in GaAs quantum structures at 850 nm using the so-called population oscillation (PO)
effect [3,4]. Thus, materials with large third order nonlinear susceptibility are required
for fabrication of all optically-controlled devices, like all-optical switches and
wavelength converters [5].

Semiconductor band-gap engineering allows the development of compact and
transportable devices, with tuneable operation wavelength. InN is particularly attractive
for telecommunications, due to its room-temperature band-gap around 1500-1600 nm
[6]. In the last years, progress in InN deposition techniques has made possible to
improve its structural quality, and has lead to a redefinition of many structural and
optical properties of this material.

In this work we have determined the third order susceptibility, |X(3)| of InN films
grown by plasma-assisted molecular-beam epitaxy (PAMBE) by using DFWM with
excitation at energies around and above the bandgap (1500 and 1400 nm). The same
technique has been used to determine the relaxation time of the excited carrier
populations [7].

In-face polarity InN samples were grown by PAMBE in a chamber equipped
with standard effusion cells for In and Ga, and a radio-frequency plasma cell to supply
active nitrogen. Substrates consisted of 10-um-thick non-intentionally doped (n.i.d.)

GaN-on-sapphire templates. Prior to the growth of the InN layer, a 10-nm-thick n.i.d.



GaN buffer layer was deposited at 720°C. InN growth was carried out at a substrate
temperature of 450°C, with a N flux corresponding to a growth rate of 0.3 monolayers
per second, and with an In/N ratio of 1.2. This high III/V ratio is required to achieve
two-dimensional growth. Since the desorption rate of In is lower than the decomposition
rate of InN [8], it is not possible to stabilize an autoregulated layer of In on the InN
surface, as we demonstrated on GaN [9]. Therefore, periodic growth interruptions under
N are performed to consume the In excess and prevent the accumulation of In droplets
on the surface. The growth period (InN growth time / growth interruption time) of the
samples and their total growth time are summarized in Table I. Taking into account the
excess of In accumulated on the InN surface during growth, samples E1 and E2 are
considered to be grown under slightly In-rich and N-rich conditions, respectively.

The structural quality of the samples was assessed by high-resolution x-ray
diffraction (HRXRD) and atomic force microscopy (AFM). The full width at half
maximum (FWHM) of the w-scan of the (0002) refection of the InN layers, and the rms
roughness measured in a surface of 5x5 um?” are summarized in Table I. In the case of
E1l, we observe a reasonable rocking curve of 640 arcsec and a surface roughness of
0.81 nm, comparable to standard values achieved for Ga-face GaN. In the case of E2,
were the accumulation time of In is lower, there is a clear degradation of the structural
quality.

Linear optical properties of the samples in the wavelength range of 1100-2550
nm were studied by room-temperature transmission measurements at normal incidence
using a Perking-Elmer scanning spectrophotometer. Experimental results were
compared with theoretical transmittance spectra generated using a three layer model

(sapphire/GaN/InN) [11], to obtain values of thickness, ordinary refractive index, no(A),

and absorption coefficient, o(A), of the InN layer. First order Sellmeier dispersion



formulae were considered for index refraction in the transparency region [12]. Besides,
a sigmoidal approximation was used for ouA) for sample E1 [13], while a deep level
defect with |s> like symmetry was taken into account for sample E2 [14]. Transmission
data of GaN substrate was analyzed considering a two layer structure (sapphire/GaN).
An index refraction of 2.23 was estimated for the 1400-1500 nm wavelength range,
where the absorption was considered negligible.

Figures 1(a) and (b) show calculated and measured transmission data, together
with the absorption coefficient for samples El1 and E2, respectively. The room
temperature absorption band edge is estimated at 1550 nm and 1510 nm for samples E1
and E2 respectively. From these values we can conclude that the samples are suitable
for third order optical non-linear susceptibility measurements around 1500 nm. Table II
summarizes the linear optical estimations performed for 1400 and 1500 nm applied to
the subsequent |X(3)| calculation.

Following the results obtained for linear optical properties of the samples, non-
linear measurements were carried out. The optical non-linear characterization was
performed by the DFWM technique in the forward configuration (BOXCARS) [2] using
as excitation source an optical parametric amplifier (OPA) providing 100 fs pulses,
tuneable in the 300-3000 nm interval, at a repetition rate of 1KHz. In the DFWM

measurements the conjugated beam intensity, /¢, is plotted versus the pump intensity, /p,
to obtain the coefficient ¢ of the relationship /. =c/ 13,. The third order susceptibility of
the samples, |)(g(3 )| is then obtained using eq. (1), which relates the non-linear

susceptibility of a given sample and that of a reference material with their

corresponding optical parameters and conjugated signals:
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where ny, L and « are the ordinary linear refractive index, the interaction length and
absorption coefficient respectively, while superscripts » and s indicate parameters
concerning the reference and the sample. A fused silica plate (|Xr(3)| = 1.28x 10" esu
and nop=1.45, [2]) was used as reference sample for the measurements.

In the experiment, a linear noise background caused by scattering at the sample
is spatially overlapped to the conjugated beam. Considering the very small interaction
lengths involved in the experiment (a few hundreds of nm), this background signal can
be extremely detrimental for performing a precise determination of |XS(3)|~ Accordingly,
this background was minimized by spatial filtering the conjugated beam before
measuring its intensity using an InGaAs photodiode. Additionally, the remnant linear
noise background was measured for different pump beam powers by introducing a large
negative delay (~100 ps) between one of the pumps and the others thus cancelling the
non-linear interaction. The so-determined signal was then subtracted for each pump
power from the experimentally measured conjugated signal value. Under these
conditions, when the conjugated beam is present, the relationship between its intensity
and pump beams intensity is necessarily cubic [2]. Additional details about the DFWM
setup can be found in Ref. [10].

The third order susceptibility of the GaN substrate was measured for 1400 nm
and 1500 nm wavelengths to obtain its possible contribution to the measurements
performed in the InN films. In this case, no DFWM signal was detected for pump beam
intensities below 3.5 GW/cm?. Above this pump intensity, a value of 4.4+0.4 x 107'% esu
was obtained for the considered wavelengths. This result is in the order of the values
obtained theoretically by Nayak et al, of 0.16 x 10"* esu for zinc-blende GaN structure

[15] and by Sun et al. of 0.7 x 102 at 1230 nm, using third harmonic generation [16].



The InN samples were thus measured with a pump beam intensity below the
above indicated value to ensure a negligible contribution from the GaN substrate. Figure
2 shows a representative plot of /¢ versus /p for the GaN substrate and the E1 film,
showing the negligible contribution of the substrate to the film signal. Table II
summarizes the measured values of |x(3)|. Considering the above described procedure
for minimizing the spurious contribution of scattering to the measured conjugated
signal, is clear that the apparently poor cubic fitting obtained is simply related to the
relatively low value of |X(3)| obtained and to the very small thickness of the analyzed
layers (only 600 nm). The value of the error bars included in the plot are related to this
as well as to the fluctuations of the pump beam energy (~6%).

The close to resonant character of || for InN in the range of wavelengths
studied leads to values two order of magnitude higher than the ones obtained for GaN.
For El, |x(3)| increases with o, due to the close-to-resonant wavelength range. The
measured values differ from theoretical predictions by Nayak ez al. [15] of 1072 esu,
calculated for the previously assumed InN bandgap of 1.9 eV. E2 shows a lower value
of |x(3)| when compared to sample E1 despite its higher optical density, o (1500 nm
and 1400 nm, respectively). This fact could be explained in terms of the Bursten-Moss
shift of the material optical bandgap observed in the linear absorption measurements
(see figure 1). Obtained values of |x(3)| for InN are comparable to the value of
semiconductors commonly used for communication applications, like InGaAsP, with
estimated |x(3 )| of 4.2 x 10" esu [17]. Nevertheless, its application in the development
of all-optical processing devices would probably require the use of InN-based structures
with lower dimensionality, to increase the resultant |x(3)| value [18].

We have determined the lifetime, 75, of the conjugated signal (associated to the

dynamic grating induced at 1500 nm) for sample E1 by varying the delay between one



of the pumps and the others using an optical delay line. Inset of figure 2 shows the
conjugated-signal intensity as a function of the induced delay time, showing an
exponential decay [7]. The lifetime estimated from this exponential decay is of 4.8 ps at
room temperature, comparable to the value of 12 ps, obtained by Hu ef al. in a AsGa
quantum dot based semiconductor optical amplifier, used to obtain room temperature
slow and fast light [19]. This lifetime, related to a carrier concentration grating or phase

grating, is given by the equation [7]:

2)

,where 7 is the carrier recombination time (7z), and the dephasing time (7p) for the
carrier concentration and the phase grating, respectively. Second term of eq. 2 accounts
for the diffusion of the carriers, where D is the diffusion coefficient and A is the grating

fringe spacing, given by A/2sin(€/2), being 6 the angle between pump beams. Within

the experimental conditions of this work, measured 7 would lead to D~7800 cmz/s,
three orders of magnitude higher than typical values [20] allowing to discard diffusion
as the origin of the observed lifetime. Radiative carrier lifetime can be estimated

through the expression [Br(no +Am)]", with B, the bimolecular radiative

recombination coefficient ~0.3x10"° cm’s’ [21], no~1x10" the free carrier
concentration of the samples, and An ~1x10" cm™ the photoexcited carrier
concentration, leading to a value of ~2 ns, much longer than the experimentally
determined one. On the other hand, dephasing time measurements on GaN leads to
values of just 150 fs [22]. Thus 7 can be attributed to a non-radiative carrier relaxation
mechanism in good agreement with the 16 ps value obtained by H. Haag et al. for GaN
in DFWM experiments [23]. Carrier recombination could take place at the defects

responsible for the free carrier concentration of the samples. The origin of measured 7



is thus the excitation-dependent change in refractive index and absorption coefficient of
the material associated to the dynamical modification of the carrier concentration
caused by a near band edge excitation. Any possible cumulative thermal effects in the
experiment can be neglected by considering the low laser repetition rate used (1 kHz).

In summary, third order optical non linear susceptibility of InN layers grown by
PAMBE has been measured using DFWM. Third-order non-linear susceptibility
modulus, |)((3 )|, values of 4.2-10 x 10™'° esu were measured at wavelength ranges from
1400 nm to 1500 nm. Relaxation time of the generated population grating was estimated
to be 4.8 ps at 1500 nm, being attributed to non-radiative carrier recombination.
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Table I: Growth conditions and structural characterization of the samples under study.

Sample Growth sequence Total growth time FWHM rms roughness
(InN grown / N exposure) ® (0002)
E1 5 min /1 min 130 min 640 arcsec 0.81 nm
E2 30s/6s 100 min 1260 arcsec 2.9 nm

Table 1. F.B. Naranjo et al.
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Table II. Summary of results obtained from linear and non-linear optical

measurements. For sample E2, poor signal-to-noise ratio hinders reliable measurements

at 1500 nm.

Thickness Wavelength

Sample (nm) (nm) o (cm™) n ol |x(3)| (esu)
El 650 1400 nm 1.4x 10 2.95 0.90 1.040.1 x 10”
1500 nm 4.7x 10° 2.86 0.30 5.4+0.6x 10
E2 680 1400 nm 8.7x 10° 2.78 0.60 4240.4x10"°
1500 nm 3.1x10° 2.77 0.21 -

Table II. F.B. Naranjo et al.
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Figure captions.

Figure 1. Experimental and calculated room-temperature transmission spectra, together

with the calculated absorption coefficient, for samples (a) E1 and (b) E2

Figure 2. I-I, plot for GaN template and sample El at 1400 nm, showing the
negligible effect of the substrate. Inset shows DFWM signal intensity obtained for
sample E1 at 1500 nm as a function of delay time between one of the pumps and the
others. The exponential decay fit used to calculate the conjugated-signal lifetime is also

shown (full line).
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