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Out-of-well carrier screening in a strained In,Ga; _,N/GaN multiple quantum well structure
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Steady state and time-resolved differential transmission spectroscopy in a strai@ed |iIN/GaN multiple
quantum well structure embedded withipa-n structure has been studied to identify the dominant screening
mechanisms and measure the carrier sweep-out time. The results are consistent with a long-range out-of-well
carrier screening where the photoexcited carriers escape the wells and separate, creating a space-charge field
that induces an increase of the in-well field and shifts the excitonic transition to lower energies. A redshift of
excitonic resonance under photoexcitation suggests that the direction of in-well field is opposite to that in the
barriers due to the piezoelectric polarization in this straingG#n N well. Compared with GaAs multiple
guantum wells, a long carrier sweep-out time of 650 ps was observed in this structure.
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Time-resolved differential transmission measurements osgerved, indicating that photoexcited carriers sweep out of the
GaAs multiple quantum well&MQW'’s) embedded within a well and screen the entire MQW structure. The increase of
p-i-n structure have shown that the photoexcited electronthe in-well field under photoexcitation indicates that the di-
hole pairs in the quantum welQW) under the influence of rection of the in-well field is opposite to that in the barriers
the electric field escape the well and travel in opposite direcdue to the piezoelectric polarization in the strained
tions to produce a space-charge field which opposes thié,Ga N wells.
built-in field.=* This out-of-well carrier screening mecha-  The sample described in this work was grown using met-
nism, through the quantum-confined Stark eff€@CSB,  alorganic vapor phase epitaxy. Initially, gn thick GaN:Si
shifts the excitonic resonance and modifies the absorption déyer was deposited oncaface sapphire substrate. This layer
the QW. Measurements of the change in the absorption as\as followed by the growth of ten periods of 7 nm thick
function of time delay and wavelength provide a unique wayGaN barriers and 2.5 nm thick JaGay gN wells. The last
to determine the dynamics of perpendicular carrier transpoi®W was capped with a GaN barrier region followed by a 0.2
and carrier sweep-out times pri (MQW)-n structures. um thick GaN:Mgp-contact layer. In order to determine the

It is well known that hexagonal wurtzite llI-nitride semi- magnitude of the field distribution, we solved the Poisson
conductors have pronounced piezoelectric constarffor  equation for ap-i(MQW)-n structure within the depletion
In,Ga,_,N/GaN QW's, the strength of the in-well electric approximation. Neglecting the screening effects of back-
field generated by spontaneous polarization and piezoelectriground carriers, the net electric field within the weltgrri-
polarization can be as large as several MV/cm. Severars E,, (Ep) is
groups have attributed the blueshift of the photolumines-

cence peak energy in undoped®s_,N/GaN QW’s with E Vi B« NpLp+Lg/2
increasing carrier injection to the reduction of the QCSE due ~" N, L, +NyL,+Lg/2 P2 " N,L,+NyL,+L42’
to in-well carrier screening® Furthermore, built-in electric (D)
fields due to thep-n junction are present in these

p-i(MQW)-n structures. Therefore, it is of interest to deter- Vi Ny Lw

mine if the dominant carrier screening mechanism is in-well En= Ny, L+ NpLp+ I—d/2+ EpiezoX Nyl NpLp+ Lg/2"
or long range out-of-well in such structures. A clear under- )

standing of these carrier dynamics can provide great value
for the design and optimization of J6a, _,N based emitters whereE;e,, is the piezoelectric field discontinuity between
as well as for the optimization of material growth conditions. strained wells and unstrained barriers ang is the built-in
More importantly, such a study is expected to determine th@otential due top-n junction. L, (Ly), Ny (Ny), and Ly
carrier sweep-out times and provide insight into the potentiatepresent the wellbarriep width, the number of wellgbar-
profile in the strained iGa, _ ,N/GaN MQW's. In particular, riers), and the depletion width, respectively. The electric field
the sweep-out rate, a key property that limits the responsi the depletion region was assumed to be linearly varying
time of nitride basedp-i-n photodetectors, can be deter- from zero to the maximum value, which resultedLig’2 in
mined. the above equations. Based on the carrier concentrations, we
In this Brief Report, we report experimental results onestimated the built-in potential to be 3.4 V, which induces an
steady state and time-resolved differential transmission meaveragep-n field (first term in above equatiopsf 0.28 MV/
surements of an iGa_N/GaN p-i(MQW)-n structure at cm. Using a method developed by Takeuebial,® the pi-
room temperature. The differential transmission spectra arezoelectric field discontinuity between wells and barriers is
used to identify the dominant screening mechanisms and s@alculated to be 1.6 MV/cm. Due to the negligible spontane-
multaneously to estimate the spatial band potential profile. &ous field discontinuity of ~0.068 MV/cm between
redshift of excitonic resonance immediately following pulseding sGa N well and GaN barrier, the effect of spontaneous
excitation and a carrier sweep-out time of 650 ps were obpolarization was not included in our calculatitht* There-
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TABLE |. Expected dependence of the excitonic shift and the rise time of differential absorption signal on the band potential profile and
screening mechanisms.

Potential profile In-well field opposite tp-n field In-well field parallel top-n field
Screening In-well Out-of-well In-well Out-of-well

Excitonic shift Blue Red Blue Blue
Rise time Fast<1 ps Slow (>10 p39 Fast(<1 ps Slow (>10 p39

fore, the net electric fieldparallel to thec axis) is —0.99  resolved differential transmission at room temperature was
MV/cm in the well and 0.61 MV/cm in the barrier. used to determine the carrier sweep-out time and the dynam-
The differential absorption spectra critically depend onics of out-of-well screening. For these measurements, a por-
the location of the carriers responsible for the screening antdon of the 250 kHz 800 nm laser pulses from the regenera-
on the band structure. The expected responses are sumniae amplifier(REGA) was frequency doubled to 400 nm to
rized in Table I. The exciton is blueshifted if the carriers serve as the pump source. The remaining output from the
remain in the well and screen the in-well field, regardless 0REGA was used to create a broadband white light
the in-well field direction. In contrast, if the screening is continuumt? with spectral components from 370 nm to 1000
dominated by carriers that sweep out of the wells and movem (1.24 eV to 3.35 eV, which served as the probe beam.
to screen the entire MQW's, it will depend on the direction The time delay of the probe beam with respect to the pump
of the in-well electric field. If the in-well field is opposite to beam was tuned by a motor-controlled delay stage. The time
the p-n field as calculated, a redshift of the exciton is ex-resolution of this system was limited t0300 fs due to the
pected. If it is parallel, a blueshift is expected. The expectedroadened pulse width of the frequency-doubled pulse and
change of spatial band structure due to out-of-well screeninthe white-light continuum. In this case, the probe beam was
is shown in Fig. 1a). Moreover, the rise time of the differ- focused to an 8Qum diameter spot on the sample and the
ential absorption spectra reflects the build-up of the spactansmitted light was spectrally resolved using a spectrom-
charge due to the vertical motion of electrons and holes. Thister. The pump spot size was chosen to be 460
signature analysis provides another way to identify the Pulsed excitation is able to generate a significant carrier
screening mechanisms. The typical carrier sweep-out time idensity compared with cw measurements. The field or
GaAs MQW's for out-of-well screening ranges from 10 ps to
400 ps at room temperatut®.This is much longer than the @ o Outofwell - ="~
. . . . . s ~, 8creening \
carrier transient timé¢<1 ps across the well during in-well /k/ ,—» J
screening process. A
Initially, we performed steady state pump/probe differen-
tial transmission measurements on this sample by pumping

with a continuous-wavécw) Ar™ laser(3.41 e\) and prob- J?T

7

) SR
p-n field x\:

in-well field
—

ing with a Xenon lamp at room temperature. Standard
lock-in techniques were used to measure the difference in the

probe transmissionAT) with and without the pump present w

as a function of probe wavelength. The differential absorp- Unscreened Screened

tion spectrum was then extracted from the differential trans-

mission: Aa= —[In(1+AT/T)J/d,* whered is the combined (b), e
thickness of the InGaN QW's. The inset graph of Figh)1 [Pumoon | Redshift J
shows the expected absorption with the pump(sdilid line) o1 f‘\. ok = Nerumpor
and the pump oridashed ling for excitonic redshifting, as 4t PN N
well as the resulting differential absorption signat@tey). < L0 f & P e
The absorption with the pump on is expected to redshift due 5 L & Photon Energy, |
to an increase of the in-well field caused by out-of-well car- “g 0 l — £ -
rier screening. Figure(lh) shows the steady state change in g-2f L ke ]
absorption coefficientAwa, as a function of photon energy \ &£

under a cw pump irradiance of 0.4 W/&nNotice that the T M“k ,“ ]
dominant features are a positive peak followed by a negative 6 s .
peak, characteristic of a redshift of the exciton and consistent 28 29 a0 a1 22 33
with the expected change in absorption shown in the inset of Photon Energy (eV)

Fig. 1(b). This spectral feature suggests that the in-well field G, 1. (a) Expected change of the spatial band structure due to

is opposite to the-nfield in the band potential profile. Fur-  oyt-of-well screening and motion of the photoexcited carriers in a

thermore, the carriers would be expected to escape the welgrained InGaN,_,/GaN p-i(MQW)-n structure(b) Steady state

to screen thep-n field, resulting in an increase of in-well differential absorption spectra at room temperature under a pump

field. irradiance of 0.4 W/crh The inset graph is a schematic illustration
Subsequent to these steady state measurements, tim#-the expected change in absorption due to an excitonic redshift.
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FIG. 2. Pump fluence dependent differential absorption spectra
at a time delay of 900 ps at room temperature.
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in-well field may be completely screened in this case, and the £ 3. Room temperature differential absorption spectra at
absorption bleaching due to phase space filling could domigarious time delays under a pump fluence ofu2cn?. The inset
nate the measured differential absorption spectra. Hence, it khows the time evolution of th&a at 3.0 eV(hollow triangle. The
essential to identify the individual contributions of field solid line in the inset graph shows the results of a single exponential
screening and absorption bleaching on the measured changgSo the data.
of absorption under various photoexcited carrier densities.
Figure 2 shows the detailed pump fluence dependent differevident after 4us. This extreme prolongation of recovery
ential absorption spectra at a time delay of 900 ps. This timé&ime is caused by the large spatial separation between elec-
delay ensures that enough carriers have escaped the weltens and holes, where the electrons and holes separate
and moved to screen then field. At high pump fluence the across the entire MQW region into doped andp doped
p-nfield is totally screened and a single negative peak due teegions, respectively. The reduced overlap integral of elec-
absorption bleaching dominates the spectra. By contrast, &ton and hole wave functions leads to a significant decrease
low pump fluence the observed spectral signature is consi®f recombination rate. In fact, the remaining carriers gener-
tent with the excitonic redshiffpositive peak followed by a ated by the previous pulse, although not considerable, would
comparable negative peagimilar to the steady state spectra screen the averagen field and reduce the effects of sweep-
shown in Fig. 1b). Consequently the differential absorption out process when the next pulse comes.
spectra is a combination of the absorption bleaching signal The time evolution for the signal at an energy of 3.0 eV is
associated with the excess carriers remaining in the wells angshown in the inset graph of Fig. 3. Absorption bleaching
the out-of-well screening signal associated with the carriersauses an immediate drop in the signal at zero time delay.
drift to the depletion regions to screen the entire MQW's. ItThis drop is followed by a slow rise of the signal with time
is worth noting that the transition poiriiL.5 wJ/cnf), be-  and the signal finally reaches a maximum value at around
tween bleaching and screening, corresponds to the fiel800 ps. This rise time is indicative of the sweep-out time of
strength of 0.29 MV/cm, which is in remarkably good agree-carriers escaping the wells and drifting to the doped
ment with the calculated value of tipen field provided ear- regions™? The sweep-out time, defined as the 10-90 % rise
lier. time of the differential absorption signal, was determined to
Next, we temporally resolved the differential absorptionbe 650 ps.
spectra at low pump fluence. Figure 3 shows the differential For GaAs MQW systems, the carrier sweep-out process
absorption spectra versus time delay frerB0 ps to 800 ps was investigated extensively and was suggested to be domi-
for a pump fluence of ZJ/cnt. (The signal at the time delay nated by thermionic emission and/or various tunneling
of —50 ps also represents the accumulated signal at the tinreechanisms such as thermally assisted tunnéliagcape
delay of 4 us due to the 250 kHz pulse repetitipiNotice  tunneling through tilted barriers, resonant tunnelin or
that immediately following pulsed excitatioi ps time de- phonon-assisted tunnelifg.Our calculations show that the
lay), a significant excitonic bleaching peak is observed, indi-thermionic emission times for both electrons and holes are
cating that most of the carriers are still in the wells. As themuch longer than the measured carrier sweep-out time, when
carriers escape the wells and move to the edge of the MQW/e use the values of 6:4 as a ratio for conduction and valence
region to flatten the bands, the space charge field causesband discontinuities® For simplicity, here we only consider
graduate increase of the excitonic redskpisitive peak fol-  the carrier tunneling process. Hence, the sweep-out tifpe
lowed by a negative peak in the spegtnath increasing time  is given by the sum of the tunneling escape tifgg;,p and
delay as shown in Fig. 3. Additionally, the typical spectra,the transit timer;, for the carriers to reach the doped regions:
indicative of a redshift of the excitonic resonance, is still 73,= 7e5capet 7ir .1® The strength of tunneling can be deter-
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mined by evaluating the rate of tunneling of an individual ing responsé° The absolute strength of the in-well screening
particle using the Wentzel-Kramers-Brillouin approxi- is dependent on the carrier density, charge separation, and
mation’~1° the well width. As the width of the well decreases, a reduc-

tion of the in-well screening effect would be expected as a
1/2

har w[2m, result of a decrease of charge separation. The self-consistent
Tescapé® ?exr{ZXJ ﬁTX(Vb—eEbz) dz|, (3 calculations solving the Poisson equation and Sdiliger
: 0 equation in the narrow QW, have verified that the induced

blueshift of the exciton due to in-well screening is negligible
when compared with out-of-well screenifgeven in the
case where significant numbers of carriers are still in the
e\f\_/ell. As expected, the signature of excitonic blueshifting due
to in-well screening for a 2.5 nm JGa, _,N well here is not
H;eadily observed, even at very short times. Besides, the pres-
nce of absorption bleaching would obscure and further de-
rease the effects of the in-well screening.

where V,—eEyz is the barrier height as the carriers go
through the GaN barrier regiom; is the electron(hole)

effective mass, antlV represents the effective barrier thick-
ness. In our calculations, electrons have much faster tunn
ing rate than holes due to their five times lighter effective
mass, where the effective electron mass with a value o
0.2my was used. The tunneling times were estimated as 290

ps and 6.3 ns for electrons and holes, respectively, from ch. Thus the experimental results presented here may be ex-

(3). The experiment techniques used here generally Mmeasuhrined as follows. Initially, the femtosecond pulse generates
the fastest escaping carriers. Hence, the calculated tunnelift ) Y P 9

time for electrons, although shorter, is comparable to théaqectron-hole pairs that escape the well and drift to the op-

measured sweep-out time. In fact, B8) is only valid for posite sides of the MQW region under the influence of the

the sweep-out time for a particular well. Once the carriersp'n field. Thus, the built-in field is screened and the intrinsic

escape for the well, some of them will be swept straight tom-weII piezoelectric field increases. This drift of carriers will

the doped layers, but others will be scattered and recaptur Cf?2|tlniirgggle;h?h;esbuljﬂg? ?ﬁﬁcﬁeﬁjheggg Ifédi;n?: aerf;ec-
by subsequent wells. Such recapture process may increaré\éu 3;” flat across the MQr\E)V reqion
the effective sweep-out time. More importantly, it should be gnly gion.

. . : .~ In conclusion, the photoexcited carrier dynamics in an
emphasized that because of the heavier carrier effectiv ' :
masses of GaN, the carrier sweep-out tit660 p3 mea- FnXGai,XN/GaN p-i(MQW)-n structure have been studied by

sured here is relatively longer than that of GaAs MQW's Insteady state and time-resolved differential transmission mea-

addition, the opposite direction of the in-well field with re- surements. The results_ have pr‘.""“‘?" convincing evidence
spect to that in the bariers in this JBa_,N/GaN that the out-of-well carrier screening is the dominant screen-
X —X

0-i(MQW)-n structure may increase the effective barrier?ng mechanism in this sample. This out-of-well screening

thickness and barrier height, leading to a decrease of thlgduces an increase of in-well field and a redshift of the

sweep-out ratd® Such slow sweep-out rate is a disadvanta excitonic resonance. The estimated averpgefield at the
p-out rate P . ge[ransition point between out-of-well screening and excitonic
for applications of these J&a, N materials as photodetec-

bleaching is consistent with the estimated theoretical value.

tors. . P A carrier sweep-out time was observed as 650 ps in this
Another issue that needs to be clarified is the effects of the

in-well screening on the measured differential absorptionStrUCture'
spectra. Generally, both in-well screening and out-of-well This work was supported by the National Science Foun-
screening can occur. Huaeg al. have observed the presence dation CAREER Award, NSF No. 9733720, under the direc-
of the in-well screening at early time delays in the piezoelection of Dr. Filbert Bartoli, and the Office of Naval Research
tric GaAs MQW's, but they showed the out-of-well screen-Young Investigator Program Award No. N00014-00-1-0508

ing response was significantly larger than the in-well screenunder the direction of Dr. Colin Wood.
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