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The ultrafast carrier dynamics in InGaN multiple-quantum-w@dQW) laser diodes were
investigated using a time-resolved bias-lead monitoring technique. From the optical selection rules
of TE and TM polarized light, one can selectively excite and probe different
valence-subband-to-conduction-subband transitions in the MQW structure with different polarized
pump and probe light. The subband structure of the MQW structure of the laser diode was calculated
and is verified by electroluminescence measurement. Using this technique, ultrafast valence
intersubband hole relaxation proces$es0.35 pg were found to dominate the observed carrier
dynamics. ©2004 American Institute of Physic§DOI: 10.1063/1.176021]1

The group-lll nitride semiconductor alloys AIN—GaN- The sample under investigation was a commercial ridge
InN are recognized as an important material system for thevaveguide MQW InGaN laser diode. The lasing wavelength
optoelectronic devices in the spectral range from infrared t@f the laser diode is 403.5 nm. The peak of TE polarized
ultraviolet. GaN—InN based IlI-V nitride semiconductors electroluminescence was 407.3 nm and the TM polarized
are of interest in many commercial applications, such as lightlectroluminescence was peaked at 400.7 nm. The peak of
emitting diodes and laser diod&8.The carrier dynamics, the electroluminescence at TE and TM are separated by 6.6
which are important for high speed device design, have ream (50 me\). This is consistent with the calculation that will
cently been studied by femtosecond time-resolvecbe shown later.
pump—prob@ or coherent spectroscobywith above-band- In the wurtize crystalline structure, the selection rules for
gap photons. However, various contributions such aghe optical momentum matrix elements for the transitions
electron—electron scattering, hole—hole scattering, electronbetween the conduction band and the three valence bands
hole scattering, electron—phonon interactions, and hole€an be derived from the symmetry properties of the zone
phonon interactions, mix together and make it very difficultcenter wave functiot®!! In the following, these acronyms
to extract the fundamental material parameter for one pamwill be used, C: conduction, HH: heavy hole, LH: light hole
ticular scattering process or single type of carrier. 8ual.  and CH: crystal-field splitoff hole. Let us first describe the
and Yeet al. have developed an infrared pump-ultraviolet band structure and the optical selection rule of bulk
probe technique to isolate electron and hole dynamics anbh, ;:Ga, gg\. At the zone centerk=0), the HH-C transi-
used it to study the electron relaxation dynamicsitype  tion will only occur when the polarization of the light is
GaN thin film$’ and hole dynamics irp-type GaN thin  perpendicular to the axis, i.e., TE polarized. The CH-C
films 2 In this letter, we used a time-resolved bias-lead monitransition will favor the T™M polarized light, i.e., the light
toring pump—probe technigli¢hat uses two UV pulses of polarized along the axis. For the LH band, LH—C transition
equal amplitude with various polarization configurationswill mostly occur when the light is TE polarized. Away from
(TE-TE, TM-TE, and TM—TM to study the carrier dynam- the zone center, the HH—C transition remains TE polarized
ics in the InGaN multiple quantum welMQW) laser diode.  while the CH-C transition and the LH—C transition switch
The TM polarization is the direction of electric field parallel polarization, i.e., CH-C transition become TE polarized and
to thec axis (normal to the surfageand TE polarization is LH-C become TM polarized. Because the hole energy of the
the direction of electric field perpendicular to tikeaxis.  CH band is larger than the hole energy of the HH band and
From the optical selection rules of TE and TM polarizedLH band at the zone center, TM polarized light will excite
light, one can selectively excite and probe different valencéholes with higher energy compared to the energy of the holes
subbands to conduction band transitions in the MQW strucexcited by the TE polarized light. The holes excited by TM
ture with different polarized pump and probe light. polarized light will relax back to the top of the valence band
and thus affect the absorption properties of TE polarized
“Author to whom correspondence should be addressed; electronic mailight, but not the other way around, i.e., TM will affect TE

giap@ece.ucsb.edu but TE will not affect TM.
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FIG. 1. (a) Calculated subband structure of the quantum well structure anJeSOIVed phOtocurr_ent response S|g_nal_|s enhapced V_V_hen_bOth
(b) normalized transition strength for selected subband transition. TE polarPUmp and probe light overlapped in time. This positive in-
ized transition strength is normalized [(&|p,/X)|? and TM polarized tran- ~ stantaneous signal is attributed to two-photon absorption
sition strength is normalized t‘()S| pZ|Z_)|2. The transitions corresponding to  sontributed with one pump photon and one probe photon and
400 nm light are indicated with vertical lines. . L . .
the width of this signal is 0.37 ps, limited by the autocorre-
lation width of the laser pulse.

In the quantum wel(QW) structure, the valence band When we tune the laser wavelength to be above the band
turns into different valence subbands. Because of the valengap of InGaN MQW, different behavior was observed for
band mixing effect, the optical selection rules are modifieddifferent pump—probe polarization configurations. Figure 3
We used the finite-difference method to solve the effectiveshows examples traces taken at a wavelength of 400 nm. As
mass equationt$ for the QW structure. We took band struc- shown in Fig. a), when both pump and probe are TE po-
ture parameters from Ref. 13 and a valence band offset dérized, there is a negative instantaneous signal and a nega-
33% was used. The band gap of HH1-C1 has been adjustdi’e double-sided exponential decay signal. The negative in-
to match the peak of the measured TE polarized electrolumistantaneous signal is attributed to a phase space filling effect
nescence spectru07.3 nn). Figure 1a) shows the disper- with a fast initial relaxation faster than our system time reso-
sion curve of different conduction and valence subbands itution. This initial fast relaxation can be attributed to the
the QW structure with 3 nm pyGagdN well and carrier thermalization mainly due to carrier—carrier scatter-
Ing oG o\ barrier. The solution of the effective mass equa-ing. The slower negative exponential decay signal with a
tion was used to calculate the transition matrix element irtime constanttz) of 2.2 ps is attributed to the carrier energy
order to find the optical transition strength for different va- relaxation where the carrier—phonon interaction will lead to
lence subbands to conduction band transitions. The norma& new equilibrium between the carriers and the lattice sys-
ized optical transition strengths for the four lowest valencetem. However, when both pump and probe are TM polarized,
subband to the first conduction subband transitions arenly a negative instantaneous signal can be observed. From
shown in Fig. 1b). Note that the first significant TM polar- Fig. 1(a), both HH1-C1 and LH1-C1 transitions can be ex-
ized transition occurs at a higher energy compared with theited at 400 nm with TE polarized light and the related elec-
TE polarized transition and the calculated energy separatiotion dynamics may become relevant to the observed
(~50 meV) is consistent with the electroluminescence mea-dynamicst* However our observation reveals that the ob-
surement. Since the TM polarized light will excite the higherserved carrier dynamics are mainly contributed from the
energy hole compared to the TE polarized light, the samdiole. The fact that the 2.2 ps time constant process is missing
prediction for the bulk InGaN will also apply to InGaN QW, in the TM—TM measurement and only exists in the TE-TE
i.e., TM will affect TE but TE will not affect TM. measurement suggests that the 2.2 ps process does not origi-

The schematic diagram of the time-resolved bias moninate from the electron in the conduction band but from the
toring setup is shown in Fig. 2. The pump and probe beantole in the valence band. The resolution-limited response in
are derived from the second-harmonic generation of a tunthe TM—TM measurement suggests an extremely fast
able 100 fs Ti:sapphire modelocked laser. Pump and probe0.35 ps intersubband hole relaxation for the TM-generated
beams are combined collinearly and directed to the laser dhole in the LH2 and HH2 subbands into lower HH1 and LH1
ode under test. Both the pump and probe beams are mechasiibbands, which are only sensitive to the TE polarized light.

cally chopJ)ed at frequencies of 1.7 and 2.0 kHz, respeci order to study this intersubband hole relaxation process,
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FIG. 3. Time-resolved photocurrent signatbitrary uni} with 400 nm ex-
citation (carrier density ~10"" cm3):
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cross polarization measurement was performed and the resulgh

is shown in Fig. &).
In the cross polarization configuration, positive delay 8H Ye, G. W. Wicks, and P. M. Fauchet, Appl. Phys. L&, 1185(1999.

means TM polarized lighfpump enters the laser diode be-

(@ TE-TE polarization and
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fast initial rise of the observed TE signal supports the previ-
ous suggestion that an extremely f&st.0.35 p$3 intersub-
band hole relaxation for the TM-generated holes in LH2 and
HH2 subbands relaxed into the HH1 and LH1 subbands.
These LH2- and HH2-subband-transferred holes in the lower
HH1 and LH1 subbands will then follow a similar thermali-
zation process as the directly generated holes. It is interesting
to note that at negative delay, the signal remains constant and
the 2.2 ps process is not observed, further confirming that the
2.2 ps process is due to the generated hole and not due to the
generated electron in the conduction band.

In conclusion, the femtosecond carrier dynamics in In-
GaN MQW laser diode were studied using a time-resolved
bias-lead monitoring technique. Using the optical selection
rules in the wurtize QW structure and various pump—probe
polarization configurations, an ultrafast intersubband hole re-
laxation procesg7<0.35 ps can be observed. We believe
these ultrafast intersubband hole transitions will have a pro-
found influence on the laser gain dynamics of InGaN laser
diodes.
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