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Polarization characteristics of ZnO rib waveguide random lasers
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Ultraviolet ZnO rib waveguide random lasers with stripe width ranging from 1.7 to 6.5 um have
been fabricated. It is found that the ZnO random lasers demonstrate strong TE lasing emission
especially for rib waveguide with a narrower width. Rate equation analysis has shown that the
dominant TE lasing emission is due to the corresponding large confinement factor and scattering
strength inside the random media with rib waveguide. In addition, Fourier transform studies of the
lasing spectra show that the width of rib waveguide constrains the formation of closed-loop paths of
lights and, hence, reduces the number of lasing peaks. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2181634]

The formation of an optical waveguide is a powerful
approach to confine and control the propagation of 1ight.'
This idea has been extended to enhance the lasing perfor-
mance of organic2 and inorganic3 random media. However, if
the designed polarization of the optical waveguide is differ-
ent from that of the random medium, the corresponding las-
ing efficiency can be deteriorated. This is because since the
presence of optical waveguide may alter the light scattering
paths, the polarization of the lasing emission does not only
depend on the size and disordering of the random medium.*”
Hence, it is necessary to study the polarization properties of
random media under the influence of optical waveguide. In
this letter, we investigate the polarization characteristics of
ZnO rib waveguide random lasers. Rate equations analysis
and Fourier transform studies were used to account for the
polarization dependency random laser action under the influ-
ence of rib waveguide.

Figure 1(a) shows the schematic of the ZnO rib wave-
guide random laser. A ~400 nm thick SiO, buffer layer was
first formed on (100) Si wafer by thermal dry oxidation.
Then, a ~180 nm thick ZnO film was deposited on the
buffer layer by the filtered cathodic vacuum arc technique.3
To form the random cavities, postgrowth annealing of the
7ZnO film was carried out in a furnace in open air at 900 °C
for 2 h.? Subsequently, a line mask was made on the surface
of the annealed ZnO film by photolithography technique.
The unmasked ZnO region was then etched to the SiO,
buffer layer at an etching rate of ~4.5 nm/min by ion-beam
sputtering method.> A low ion-beam current and voltage
were used to prevent hardening of the photoresist and surface
damage to the unmasked region. Several ZnO rib waveguide
random lasers with a fixed length (~0.1 cm) and width, w
(~1.7-6.5 um) were fabricated.

To study the room-temperature UV lasing characteristics
of the samples, unpolarized Nd-yttrium-aluminum-gamet la-
ser (355 nm) at pulsed operation (6 ns, 10 Hz) was used to
pump the samples optically via a cylindrical lens along the
rib waveguide. The length and width of the pump stripe was
~0.2 cm and ~200 wm, respectively. In general, all the
samples exhibit a broad spontaneous emission spectrum with
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emission peak at ~385 nm under optical excitation of inten-
sity, P<Py,, where Py, is the pump threshold. For P> Py,
sharp lasing peaks start to emerge and the number of lasing
peaks increases with the increase of P until saturation
(i.e., ~2X Py,) is reached. Figure 2(a) shows the influence of
w on the TE lasing spectra of the samples at P=2 X Py,. For
the annealed ZnO film (without a rib waveguide), the emer-
gence of many lasing peaks overlapped to form a broad spec-
trum. For the rib waveguide laser with w~6.5 wm, the cor-
responding emission spectrum is similar to that of the
annealed film except that the overall spectrum width is re-
duced from ~6.4 to ~4.1 nm. Further reduction of w does
not change the spectrum width until w reaches ~3.0 um. It
is observed that the number of lasing peaks is significantly
reduced and can be resolved spectrally to ~13 peaks. Figure
2(b) shows the TE spectra of sample with w~ 1.7 um. It is
clearly observed that the emission spectrum is narrowed to
~1 nm. In addition, the total number of lasing peaks is ~6
at 2 X Py, and the linewidth of each lasing peak is ~0.4 nm.
The inset in Fig. 2(b) shows the near field profiles of the TE
polarization at 2 X Py, for w at 6.5 and 1.7 wm, respectively.
At w=6.5 um (1.7 um), three (one) transverse modes,
which indicates strong confinement of light inside the rib
waveguides, are (is) observed. Figures 2(c) and 2(d) show
the corresponding TM lasing spectra of the samples. The
trend of the change in the emission spectra is similar to that
of TE polarization. The inset of Fig. 2(d) compares the num-
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FIG. 1. Schematic of ZnO rib waveguide random laser with stripe of
width w.
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FIG. 2. (a) TE optical spectra of ZnO random lasers with various w at P
=2X Py, (b) TE optical spectra of ZnO rib waveguide for w~ 1.7 um at
various P. Inset shows the near field profiles for w=6.5 and 1.7 um sample
at P=2 X Py,. (c) TM optical spectra of ZnO random lasers with various w at
P=2X Py, (d) TM optical spectra of ZnO rib waveguide for w~1.7 um at
various P. Inset plots the number of TE and TM lasing peaks against w and
area of stripe. Optical spectra of annealed ZnO thin film (i.e., without rib
waveguide) are also shown in the figures for comparison.

ber of lasing peaks for both TE and TM polarizations versus
w at 2 X Py, (i.e., saturation pump intensity). It shows fewer
lasing peaks for TM polarization, especially when w is small
(<3.6 um). The near field profile of TM polarization is simi-
lar to that of TE polarization (except the emission intensity is
much weaker) and is not repeated here.

Figure 3 plots Py, for both TE and TM polarizations
versus w. It is observed that Py, for both polarizations in-
creases with the reduction of w and the increase of Py, for
TM polarization is faster than that of TE polarization. The
Py, of the annealed ZnO film for both polarizations is found
to be ~0.28 MW/cm?. The variation of Py, for both polar-
izations with w can be approximated by Py rprm)

NATE(TM)+XTE(TM)/W where ATE(TM) and XTE(TM) are two
constants to be determined. As Py, of both polarizations is
roughly inversely proportional to w, the rib waveguide lasers
are considered to exhibit two-dimensional (2D) random laser
action.® It can be shown that Pyrv/ Pinme  increases
(i.e., from 1 to ~1.23) with the decrease of w. This indicates
that the cavity loss of TM polarization is always higher than
that of TE polarization and thus results in higher pump
threshold. Therefore, the relatively larger cavity loss of TM
polarization reduces the probability of forming random cavi-
ties so that fewer lasing peaks are observed from the spectra.
Fig. 3 also plots the ratio of slope efficiency between TE and
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FIG. 3. The two extrapolated curves (solid lines) show the relationship
between the pump threshold Py, and the stripe width w. It is found that
A (Apy) is 0273 MW/cm? (026 MW/cm?) and  xqp  (xrwm) s
0.1195 MW/cm? (0.273 MW/cm?). The linear fit graph (dashed line) shows
the ratio of slope efficiency 7/ 7ry at different w.

TM polarizations, 7rg/ 7y, versus w. mrg/ 7y increases
(from ~1.4 to ~3.2) with the reduction of w (from 6.5 to
1.7 pum). This shows that TE polarization is dominant in rib
waveguide random lasers especially with small w.

From the earlier experimental results, two phenomena,
which are different from other random lasing media, are ob-
served from our rib waveguide random lasers: (1) The rib
waveguide lasers are TE dominant while others mostly, re-
ported to be TM dominant.*>’ (2) The number of lasing
peaks from the rib waveguide lasers is less than that from the
circular disk structure® (i.e., for gain area of ~2500 ,umz, the
saturated number of lasing peaks from the rib waveguide is
~14 while that from the disk structure is ~35).

The polarization characteristics of rib waveguide random
lasers can be understood from the rate equations for popula-
tion density, n and photon number density, ¢, as shown.'

dn_ P n_ o ond (1a)
di  hd 7 T e
d¢o ¢

E:—:p+cgl_‘0'nqb, (1b)

where hv is the photon energy at pump wavelength, d is the
thickness of the active medium, 7 is the carrier lifetime, Cq is
the group velocity, o is the emission cross section, I' is the
confinement factor, and 7, is the photon escape lifetime from
the random medium. From Eq. (1), the slope efficiency,
17 (=¢dhv/P) of both polarizations can be expressed as

n=I'1,(1-hvd/c,ol 77,P). For large P, ~1I'7, such that

TTE - I'rg 7p,TE 2)
7 I'm Tp,TM

From Eq. (2), the relationship between #ps/ 7y and
I'tg/ Ty indicates that the polarization of the random media
is affected by the presence of optical waveguide. From
Eq. (1), we can write Py/hvd=1/c,r7,0I' so that
7,18/ Ty im ™~ Pivm/ P @8 Fpporp/Tpvorry ~ 1 (ie., from
the slope of the lines in Fig. 9 of Ref. 8). Thus, 7, 1/ 7, 1y is
always greater than 1 and is increased with the reduction of
w. From our effective index method calculation, it is found
that I'yg (I'ryy) is approximately equal to 0.791 (0.538) for
rib waveguide with w=6.5 um and is reduced to 0.764
(0.492) for w=1.7 um. Although the value of I'tg/I'py is
almost independent of w, it is noted that I'g > I'y, for all w.
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FIG. 4. (a) Fourier transform of the TE lasing spectra of ZnO waveguide
random lasers with w=6.5 and 1.7 um. (b) The variation of path length, L,
(i.e., obtained from the fundamental harmonic of the Fourier transformed
spectra) for both TE and TM polarizations vs w.

Hence, we can conclude that TE polarization is dominant
inside the rib waveguide.

If a Fabry-Pérot cavity is used to model the rib wave-
guide random lasers, the equivalent effective reflectivity, R,
(i.e., proportional to the scattering strength) can be associ-
ated with 7, by T;'~ch"1n(l/R), where L is the path
length of closed-loop paths inside the rib waveguide random
laser.! Hence, the effective reflectivity for both polarizations
can be related by

Tp,TE _ LTEln( 1 /RTM)

Tp,TM - LyyIn(1/Rg)

> 1. (3)

L can be deduced from the fundamental harmonic of the
Fourier transform of the corresponding lasing spectra.9
Fig. 4(a) shows the Fourier transform of the TE spectra for
w=6.5 and 1.7 um at P=2 X Py,. The relationship between L
and w for both polarizations at P=2 X Py, is plotted in Fig.
4(b). It is observed that L increases linearly with w. This
implies that the width of the rib waveguide (with fixed length
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of ~0.1 cm) limits the light scattering closed-loop paths.
This explains why the rib waveguide structure shows less
lasing peaks than the disk structure for the same gain area.
On the other hand, the value of Lyg/Lyy is independent of w
as shown in Fig. 4(b). From Fig. 3, it is noted that the value
of 7re/ 7rm [and, hence, 7,15/ 7,1y as given by, Eq. (2)]
increases with the reduction of w. Therefore from Eq. (3), it
can be shown that the reduction of w increases the value of
Rrg/Rry (since Lpp/Lpy<<1 for this range of w). As 0
<Ry <Rtg=1, TE polarization experiences stronger opti-
cal feedback (i.e., large scattering strength) within the
closed-loop paths than TM polarization. Therefore, the
higher scattering strength of TE polarization inside the ran-
dom media especially for small w also contributes to the
dominant TE lasing emission. The weak optical feedback
(i.e., weak scattering strength) of TM polarization may be
due to the short column length of ZnO grains whereas the
dominant TM polarization reported in Refs. 4, 5, and 7 is due
to the infinite height (i.e., vertical direction) of the random
media.

In conclusion, the polarization characteristics of ZnO rib
waveguide random lasers were investigated. It is shown that
ZnO rib waveguide random lasers with narrow stripe exhibit
stronger TE lasing emission than the one without waveguide.
Rate equation analysis has shown that the dominant TE po-
larization is attributed to the large 'tz and Ryg inside the
random media due to the presence of rib waveguides. In
addition, Fourier transform studies have shown that the
width of the rib waveguide confines the closed-loop paths to
a smaller region and thus reduces the number of lasing
peaks.
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