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Dynamic polarization filtering in anisotropically strained M-plane GaN films
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The dynamic optical polarization filtering for anisotropically straimégblane GaN films on LIAIQ

is investigated by pump and probe spectroscopy. Due to a very large polarization anisotropy in the
absorption coefficient, these films exhibit an intrinsic polarization filtering, which appears as a
rotation of the polarization vector after transmission of linearly polarized light through the film. For
dynamic filtering, the polarization rotation is controlled by the pump, since the photoexcited carriers
remove the intrinsic linear dichroism by selective bleaching of the anisotropic absorption. The
dynamic behavior of the polarization rotation is mainly determined by the redistribution of holes
between the two uppermost valence bands and by the recombination time. The latter is comparable
to the measured decay time of the dynamic rotation of about 15 psMAaeane GaN films, the
maximum dynamic rotation reaches 35°, while the maximum static polarization rotation is about
40°. © 2005 American Institute of PhysidDOI: 10.1063/1.1927271

Optical polarization anisotropy in semiconductors can be  The M-plane GaN film was grown by rf plasma-assisted
used to realize an optical modulator, which has both a higlmolecular-beam epitaxy on &-LiAIO ,(100 substraté:’
contrast and a fast resporiseLinear dichroism due to in- The film thicknessd=0.7 um was determined by scanning
herent or strain-induced anisotropies in the valence bandlectron microscopy. The film exhibits-type conductivity
(VB) structure gives rise to polarization filtering, which ap- with a background carrier density of about'dem=. To
pears as a rotation of the polarization vector after the trangnvestigate the dynamic behavior of the polarization filtering,
mission of linearly polarized light® The polarization rota- We performed time-resolved transmittance spectroscopy us-
tion can be modulated by selective photoexcitation, since th#g the degenerate pump-and-probe technique. The pump
photoexcited carriers bleach the anisotropic absorption an@nd probe were adjusted to 360 1t8144 eV} using the sec-
remove the static linear dichroism. ond harmonic of a femtosecond Ti:Sapphire laser, since the

Optical modulators based on polarization anisotropy carilm shows the largest difference of the absorption coeffi-
be realized using anisotropically strained films, e.g.Cientsa, —q at this wavelength. Figure 1 displays a sche-
GaAs/(Al, Ga)As multiple quantum wells, where the typical Matic diagram of the experimental setup and the definition of
time response is 0.5 p€. For wurtzite semiconductors, the the coordinate system. The pump and probe beams are sepa-
linear dichroism due to an in-plane polarization anisotropy igted by the beam splitter. The ratio of the respective inten-
inherently present forA-plane ZnO films on R-plane sities is larger th_an 20:1 t_o ay0|d any mfluence of the_pro_be
sapphiré andM-plane GaN films on LIAIQ (Ref. 3 under beam on the optical polarization properties. The polarization

normal incidence and is even enhanced for anisotropic strailsti)).f t:lvsop)t\llrgp allgt(:: S;)r%buembezr:j Wr%iéndbigﬁ?sderlgyticc;‘rt]ltroljid
For A-plane ZnO, the maximum reported values for the ob- y P ’ P P gntly

: : . o gcused onto the sample by a microscope objective to achieve
servedt'sta}%cl and ?yn?m'c lrotatgnNa]r:T aboutL'l'i)\l and 12a sufficiently high excitation intensity, which is estimated to
respectively. In contrastVi-piane alv ims on L Q ex- be about 5 mJ/ch In order to compensate for any birefrin-
hibit a much larger in-plane optical anisotropy due to very ence by the substrate, we attached a second Liidb-
large values of the components of the anisotropic in-plan

N X ) trate with the crystal orientation rotated by 90°. The ana-
strain’ For a particular range of strain values, the wave func-

tion of the highestsecond highegtvB becomes completely
[x) (]2)) like,® which is very different from the wave function

; ) . . . /

symmetry in unstrained and isotropically strain€eplane Q. Pump +
GaN. As a resultM-plane GaN films on LiAIQ exhibit a N +— detectors
much larger absorption coefficientwithin a7certain energy  probe - Ele
range for the polarizatioi L ¢ than forEllc. polarizer M2 bstrate |

In this letter, we investigate the dynamic polarization I analyzer *
filtering for an anisotropically strainel-plane GaN film on S Samp?e\“\‘ HEle
LiAIO ,, where thec axis of the wurtzite crystal structure lies —
in the film plane. The observed static and dynamic polariza- - x](1120) Le
tion rotation inM-plane GaN films is much larger than for y 1 (1100)
A-plane ZnO films orR-plane sapphire. z|1 (0001) |l ¢
dElectronic mail: htgrahn@pdi-berlin.de FIG. 1. Experimental setup and the definition of the coordinate system.
0003-6951/2005/86(19)/191909/3/$22.50 86, 191909-1 © 2005 American Institute of Physics

Downloaded 05 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1927271

191909-2  Omae et al. Appl. Phys. Lett. 86, 191909 (2005)

cB LTI °]
2] EE TE‘:X L N ~
o~ IZZ%VBS/‘ ] E
- | - . < .51
|e /I/ Q ¢f E
& 20 L’ = c
I - W ' 3
o L " -10]
0 /// EJ-C T T T T
T T -5 0 5 10 15
0 20 40o 60 80 Delay Time (ps)
¢, (°)

FIG. 3. Differential absorption spectraa(t) vs time delay for two pump
FIG. 2. Measuredsquaresand calculateddashed lingstatic rotation angle  polarizationsEllc (upper curvesandE L ¢ (lower curveg and two analyzer
® for T, /T;=1/37 vs¢; for 360 nm at 300 K. The upper left inset connects angles¢,=90° (dashed linesand 0°(solid line9 recorded for 360 nm at
the transitionsE;, E,, andE; from the three uppermost valence badBs) 300 K.
into the conduction ban¢(CB) to their respective polarizations z, andy.

The lower right inset shows the definition of the angles and polarization . . . .
directions. Figure 3 shows the differential absorpticgkw versus

time delay between pump and probe f@¢r=60° for two
pump polarization and two analyzer angles. The quadtity

lyzer after the sample is used to split the transmitted probIS related to the measured intensities by

beam in two component&Ellc ($,=0°) and E_Lc (¢,
=90°), which are simultaneously measured by two photo- o 1 |_9L’
diodes connected to two lock-in amplifiers. Aaj=aj—aj = d In | (3
Under normal incidence, the light propagates in the )
direction. Therefore, only the highest and second highesvhere j denotes an analyzer angle of eithgg=0°(l) or
VBs have to be considered, since their polarizatior-iand ~ ¢,=90°(L). ajo(ljo) anda;(l;) are the corresponding absorp-
z-like, respectively, as indicated in the upper left inset of Fig.tion coefficients(transmitted intensitigswithout and with
2. The effectiveness of the filtering of the incoming polariza-the pump beam, respectivelya is modulated by the bleach-
tion vector with an anglep, with respect to the outgoing ing of the probe absorption due to the pump. When the pump
polarization vector with an anglg; can be quantified by the beam has a perpendiculgraralle) polarization with respect
difference® as to the c axis, only the uppermostsecond highestVB is
5 directly excited due to the polarization selection rules. If the
D=ch— = — arctar( l_i) (1) relaxation of electrons within the conduction band and holes
Iﬁ’ within the VB can be neglected;, (t) should only be modu-

. . . mp polarizatiok L ¢, while ¢(t) should onl
where I? and 19 denote the transmitted intensities of the lated for & pump p (V) y

; e affected forEllc. However, a strong modulation of both
probe beam without the pump beam separated by the an%—L and ¢ is observed in Fig. 3 for both pump polarizations,

Iyzer_ according to their po_lanzatlon as _showr_l in Fig. 1 Theindicating the redistribution of photoexcited holes between
filtering appears as a rotation dy of the incoming polariza-

tion vector. The birefringence of the film can be neglectedt.he two uppermost VBs. A fast initial decay dfa with a

around 360 nni.The squares in Fig. 2 indicate the measured::mg rcec;ﬁ%g%cgf ?hbeollgsggg f; d\;'vmh;?nr} '3;2:?&1?:? tt?]ethe
polarization rotation for 360 nm at 300 Kb can be also y y y

expressed by pulse width, is only observed in Fig. 3, when the analyzer i_s
aligned parallel to the pump polarization. This initial decay is

probably caused by the redistribution of holes between the
>, (2 uppermost and second highest VB. ¥eall® reported for

p-type GaN that the hole-hole scattering time and the hot-
where T, and T, denote the corresponding transmittanceshole cooling time are 50 and 600 fs, respectively. These val-
The dashed line in Fig. 2 indicates the calculated valu® of ues imply that the redistribution of the holes is probably
using Eg.(2) with a value ofT, /T;=1/37, which was inde- mediated by hole-hole scattering. However, the actual value
pendently measured by detecting the transmittances withowtf the redistribution time cannot be determined with our cur-
an analyzer forp =0 and 902 In this case, the probe beam rent setup due to the time resolution of about 200 fs. In order
at 360 nm was derived from a Xe arc-lamp filtered by ato clarify the hole relaxation mechanism in the VBs, addi-
0.64 m monochromator. Its intensity is several orders ofional systematic investigations are necessary. The time con-
magnitude smaller than the one of the probe beam of thetant of the slower decay is about 15 ps for all four curves
pulsed laser. Both, the squares and the dashed line, agrebown in Fig. 3. This time is very similar to the recombina-
very well over the whole range of the polarization angle oftion time of about 11 ps, which was independently deter-
the incoming light beam. From this comparison, we concludemined by time-resolved photoluminescence spectroscopy. At
that the intensity of the probe beam is sufficiently weak so300 K, the recombination process is dominated by nonradi-
that it does not have any influence on the optical polarizatiorative recombination. By introducing additional nonradiative
properties of the film. The maximum static rotation of 40° isrecombination centers, the response time of the polarization
observed forg;=60°. Note that the maximum static rotation modulator can be reduced.

d=¢ - arctar(tar(qﬁi) %
I

is solely determined by the_ value of the raflg /T =a2, Figure 4 shows the dynamic rotati@(t), which is de-
sinced,,,=arctaf(1-a)/(2va)], which becomes about 46° termined from the transmitted probe intensitigét) andl(t)
for a?=1/37. using Eq.(1), as a function of time delay for two pump
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of the difference between the value of the dynamic rotation
att=0 and the static rotation of the probe be#®(t=0)
-®%), becomes largest fop;=60° with a value of 35°.
Since the bleaching almost removes the static anisotropy of
the absorption coefficient, the maximum dynamic rotation
occurs for the same value ¢ as the maximum static rota-
tion.

In summary, for anM-plane GaN film on LiAIQ, a
) static and a dynamic rotation angle of 40° and 35°, respec-

Delay Time (ps) tively, can be realized at 300 K, which is observed for a

FIG. 4. Dynamic rotatiorP(t) vs time delay for two pump polarizations polarization angle of the incoming light @f=60°. Note that
Ellc (dashed linpandE L ¢ (solid line) recorded forg;=60° at 300 K. these values are much larger than the reported values for
A-plane ZnO onR-plane sapphird.At zero time delay, the

polarizations ah=60° and 300 K. The initial response de- static optical anisotropy of the absorption coefficient is al-
cays very rapidly due to the hole redistribution between thénost removed by the bleaching of the absorption due to the
two uppermost VBs. After the hole redistribution is com- photoexcited carriers of the pump. The temporal behavior of
pleted within less than 1 p@i(t)—cpf“ is only about 20% the polarization rotation is mainly determined by the redis-
larger than|<I>H(t)—<I>ﬁ|, Where(l)? denotes the static rotation tribution of holes between the two uppermost valence bands
angle. While the average value @ (t) and®,(t) is deter- and the recombination time. At room temperature, the re-
mined by the redistribution time constants of the holes besponse time of the modulator is basically determined by the
tween the two uppermost VBs, the difference betwderit)  nonradiative recombination time.
and®,(t), which is almost time independent, originates from
the different density of states of the two uppermost VB
states. The actual value @b(t) strongly depends on the
pump intensity. From the excitation density dependence
the rotation angle recorded at 1 ps, the excited carrier densit)(H Shen, M. Wraback, J. Pamulapati, M. Dutta, P. G. Newman, A. Balato
for the pump polarizatiorElic can be estimated to be about L’u’ Appl. Phys’. I._ett.62, 2908’(19'93_ o o ’
40% of the density foE L c. Note that the initial response of 25 s mccallum, X. R. Huang, A. L. Smirl, D. Sun, and E. Towe, Appl.
®(t) points in opposite directions for the two different polar- phys. Lett. 66, 2885(1995.
ization directions of the pump. Since the intensities for both *P. Misra, Y. Sun, O. Brandt, H. T. Grahn, and K. H. Ploog, Appl. Phys.
analyzer angles are recorded simultaneously, the rise time of-€tt. 83, 4327(2003. _
I, andl , for a given pump polarization can be directly com- géy;’i\’r:gf)f;r'; ":ﬁ dS\?e[h Js'uffa;“:['a%‘;atz"g E';"('lg'%‘j)na' P. G. Newman, M.
pared. It turns out that the rise tw_nekp_pﬁs faster than the ON€ sy \wraback, H. Shen, S. Liang, C. R. Gorla, and Y. Lu, Appl. Phys. Lett.
of 1, when the pump polarization is parallel to theaxis 74, 507 (1999.
(not shown. fs. Ghosh, P. Waltereit, O. Brandt, H. T. Grahn, and K. H. Ploog, Phys.
We also measured the dynamic rotation as a function of Rev. B 65, 075202(2002.
the polarization angle of the incoming light. For all initial 'P. Misra, Y. Sun, O. Brandt, and H. T. Grahn, J. Appl. Phgs, 7029
polarization angles of the probe bead(t=0) for the pump (2009 _ _
polarizedE L ¢ is less than 6°, since the static rotation is E'Iovggltﬁregéygt' gr;rﬁt&'\lﬂé Tjrsn(sztg&e f R. Uecker, P. Reiche, and K. H.
almost compensated by the bleaching of the absorption duey, ; sy, 0. Brandt, and K. H. Ploog, J. Vac. Sci. Technol28 1350
to the photoexcited carriers. The maximum change in the (2003.
dynamic rotation, which is determined by the absolute valué®. Ye, G. Wicks, and P. Fauchet, Appl. Phys. Letf, 1185(2000.
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