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Abstract : For eventually p roviding te rahertz science wit h comp act and convenient devices , te rahertz (1～10 T Hz)

quantum2well p hot odetect ors and quantum2cascade lasers are investigated. The design and p rojected detect or per2
f ormance are p resented t oget her wit h exp erimental results f or several test devices , all working at p hot on energies

below and around op tical p honons . Background limited inf ra red p erf ormance (BL I P) op erations are observed f or

all samples ( t hree in t otal) , designed f or diff e rent wavelengt hs . BL I P temp eratures of 17 ,13 , and 12 K are achieved

f or peak detection f requencies of 917 T Hz (31μm) ,514 T Hz (56μm) ,and 312 T Hz (93μm) , resp ectively. A set of T Hz

quantum2cascade lasers wit h identical device p arameters excep t f or doping concent ration is studied. Theδ2doping

densit y f or each period varies f rom 312 ×1010 t o 418 ×1010 cm - 2 . We observe t hat t he lasing t hreshold cur rent den2
sity increases monot onically wit h doping concent ration. Moreover , t he measurements f or devices wit h diff e rent

cavity lengt hs p rovide evidence t hat t he f ree car rie r absorp tion causes t he waveguide loss also t o increase mono2
t onically. Interestingly t he observed maximum lasing temp erature is best at a doping density of 316 ×1010 cm - 2 .
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1 　Introduction

Terahertz ( T Hz) science and technology have
at t racted much recent at tention[1 ,2 ] . The T Hz re2
gion is loosely defined as t he range of f requencies
f rom 1 to 10 T Hz (wavelengt hs f rom 30 to 300μm
or energies f rom 411 to 41meV) . T Hz f requencies
fall partly into t he far2inf rared spect rum and partly
into t he submillimeter wave band. Although many
proof2of2concept experiment s have been carried
out , demonst rating potential applications of T Hz
technology[1～3 ] ,t he lack of compact and convenient
T Hz generation and detection devices needs to be
addressed before widesp read applications become a
reality. This paper report s our recent effort s in the
research and develop ment of both T Hz quant um2
well p hotodetectors and quant um2cascade lasers
(QCL) .

2 　THz quantum2well photodetectors

2. 1 　Design considerations

For t he inf rared spect rum ,quant um2well inf ra2
red p hotodetectors[4 ] ( QWIPs ) are well estab2
lished. Here we extend t he wavelengt h coverage of
QWIPs into t he T Hz region. QWIP materials are
commonly GaAs/ Al GaAs[4 ] . The high absorption
by optical p honons of GaAs makes t he region of 34
～36meV ( 34～ 36μm or 8～ 9 T Hz) inaccessible.
Quantum2well designs using GaAs/ Al GaAs are
well known for mid2inf rared QWIPs[4 ] . In t he T Hz
region ,if we apply the same principle of having t he
first excited state in resonance wit h t he top of t he
barrier , t he calculated optimum quantum2well pa2
rameters are shown in Fig. 1. The calculation is a
simple one , using the one2parabolic2band effective2
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mass approximation. Many2body effect s are not in2
cluded because of the low doping densities used in
T Hz Q WIPs. From Fig. 1 ,we predict t hat t he T Hz

f requency range of 1 ～ 8 T Hz can be covered by
QWIPs with low aluminum fractions f rom 018 % to
514 %.

Fig. 1 　Quantum well parameters and projected device performance 　(a) Calculated well width (L w ) and barrier a2
luminum alloy f raction ( x) for an optimized GaAs/ Al GaAs quantum well 　The conduction band off set ( barrier

height V b ) relates to x by V b = 0187 x (eV) . The range covers the peak detection f requencyνp ( or wavelengt h λp )

f rom 1105 (285) t o 715 T Hz ( 40μm) ; ( b) Calculated temp erature f or background limited inf rared p erf ormance

versus p eak detection f requency 　The background temperature is 300 K and t he f ield2of2view ( FOV) f ull cone an2
gle is 90°. The upper curve has a lower absorp tion (by about 10 times) t han t he lower curve .

　　In general , a good detector must have suffi2
ciently high absorption. For the intersubband t ran2
sition in quant um wells ,t he absorption efficiency is
well characterized and easily calculated[4 ] . High do2
ping is desirable for achieving high absorption ,but
it leads to a high dark current and low operating
temperat ure. A t rade2off [4 ] must be made for a giv2
en application. For most applications ,it is desirable
to operate t he detector under t he background2limit2
ed condition. The temperature for achieving the
background limited inf rared performance ( Tblip ) is
t herefore important . Figure 1 also shows t he calcu2
lated Tblip versus t he peak detection f requency. The
BL IP temperature is found by equating t he calcu2
lated dark current and p hotocurrent caused by the
background. The dark current is estimated by mul2
tiplying t he mobile elect ron density and drif t veloc2
ity (the“3D drif t model”in Ref . [ 4 ]) . The device
parameters needed in this calculation are excited e2
lect ron lifetime τlife ( ta ke n as 5ps ) , qua ntum2well

p e riod L p ( ta ke n as 30nm ) , a nd a bsorp tion ef f i2
cie ncy p e r well η1 . To achieve t he highest dark2
current2limited detectivity[4 ] , t he two2dimensional

elect ron density n2D should correspond to EF =
2 kB T , where t he Fermi energy is given by EF =
(π∂2 / m) ×n2D ,m is t he effective mass ,and T is t he

operating temperat ure. For GaAs , n2D = 5 ×1011

cm - 2 corresponds to about 77 K and a one2well po2
larized absorption of about 015 %[4 ] . If one follows

t he EF = 2 kB T rule , t he density becomes very low
for low temperat ures ( ν 77 K) ,making t he absorp2
tion low as well . We t herefore consider two cases in
t he lower part of Fig. 1. The upper curve uses t he

EF = 2 kB T condition , while t he lower curve start s
with a higher absorption ( using higher doping)

η1 = 015 % at 10 T Hz , and decreases linearly to

0105 % at 1 T Hz. The t rade2off here is t hat if t he
operating temperature is desired to be as high as
po ssible , t he upper curve should be followed. On
t he ot her hand , if high absorption is needed , one
should follow t he lower curve but require slightly
more cooling. Reaching the BL IP condition is nec2
essary for detecting weak signals. In some applica2
tions involving a st rong source such as a T Hz
QCL ,t he requirement is different . Here as long as
t he dark current is lower t han t he signal p hotocur2
rent ,p hoton noise limited detection is achieved. In
such a case ,t he detector operating temperature can
be raised.

So far , t he above analysis assumes t hat t he
t unneling cont ribution ( such as direct inter2well ,
scat tering assisted ,and hopping2like via deep2imp u2
rity levels in t he barriers) is negligible. While some
of the mechanisms are highly sample2dependent ,
such as t hose related to imp urity and defect , t he
magnitude of direct inter2well t unneling is easy to
estimate. Figure 2 shows t he estimated t unneling
current versus barrier t hickness for t hree values of
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aluminum f raction x. The expression used for the
estimate is (ev n2D / L w ) D ,where v = (2 E0 / m) 1/ 2 , E0

is t he ground state energy , L w is t he well widt h ,
and D is t he t ransmission coefficient calculated u2
sing t he W KB approximation.

Fig. 2 　Estimated direct inter2well tunneling current ver2
sus barrier thickness for three cases of barrier aluminum

fractions of x = 115 % , 3 % , and 5 % 　Other parameters

used for the estimate are E0 = 413 ,816 ,and 14meV , n2D =

013 ×1011 , 016 ×1011 , and 110 ×1011 cm - 2 , and Lw =

2210 ,1514 ,and 1210nm ,for the three x values ,respective2
ly.

2. 2 　Experiment and discussion

U nder the guidance of t he above design con2
siderations ,t hree test samples were fabricated. The
sample parameters are listed in Table 1. The wafers
were grown by molecular beam epitaxy (MB E) on
semi2insulating GaAs subst rates. The standard
QWIP device consist s of a number of GaAs/ Al2
GaAs quantum wells sandwiched between top and
bottom contact s. The barrier thickness was de2
signed so t he inter2well t unneling current s are be2
low a certain level (～10 - 5 A/ cm2 ) ,estimated f rom
Fig. 2. The current level of ～ 10 - 5 A/ cm2 corre2
sponds to t he estimated background current . The
center 10nm of each well was doped with Si. The
doping values were chosen to be clo se to t he condi2
tion for optimizing detectivity. These values give
rise to an estimated absorption in t he range of a
f raction of a percent per well . The top 400nm and
bottom 800nm GaAs contact layers were doped
with Si to 1017 cm - 3 . The relatively low contact do2
ping value was necessary to reduce t he contact lay2
er f ree carrier absorption and plasma reflection in
t he T Hz region. The numbers of wells were varied
among t he t hree samples to keep the epilayer

t hickness around 315μm.

Table 1 　Structure parameters for the T Hz QWIPs 　

Sample L w/ nm L b/ nm [ Al ] N d/ cm - 3 N ν/ T Hz

v265 11 . 9 55 . 2 5 % 1 ×1017 40 7 . 0

v266 15 . 5 70 . 2 3 % 6 ×1016 30 4 . 2

v267 22 . 1 95 . 1 1 . 5 % 3 ×1016 23 2 . 2

　　L w is t he well widt h , L b is t he bar rier widt h , [ Al ] is t he bar rier

aluminum f raction , N d is t he doping value in t he center 10nm of

each qua ntum well , N is t he number of qua ntum wells , andνis t he

f requency cor resp onding to t he calculated intersubba nd t ransition

energy. The GaAs/ Al GaAs MQ Ws are sa ndwiched between 400nm

top a nd 800nm bottom GaAs contact layers doped wit h Si t o 1017

c m - 3 .

Mesa devices of dif f e re nt sizes we re f a brica2
ted usi ng sta nda rd GaAs p rocessi ng tec h niques .

Test devices we re a ngle2p olishe d t o yield a 45°
f acet a nd were p ackage d in t he sta nda rd double

p ass backside illumi nation geomet ry wit h a 45°in2
te r nal i ncide nce a ngle . The p hot ocur re nt sp ect ra

at 8 K f or t he t h ree sa mples a re s how n i n Fig. 3 .

The p ola rization rule f or inte rsubba nd t ra nsition

was checked wit h p2 a nd s2 p ola rize d light . Phot o2
cur re nt was obse rve d only unde r p2 p ola riza tion ,

conf i rmi ng t hat its origi n is f rom inte rsubba nd

t ra nsition . The resp onse p ea ks were measured at

322c m - 1 ( 31μm , 917 T Hz ) , 180cm - 1 ( 56μm ,
514 T Hz) ,and 108cm - 1 (93μm ,312 T Hz) for sam2
ples v265 ,v266 ,and v267 ,respectively. These agree
reasonably well with the design value ,considering the
uncertainty in the growth and the untested range of
very low aluminum fractions for QWIP design. The
main dark region from 265 to 297cm - 1 (33 to 37meV)

is due to GaAs optical phonon absorption. Other smal2
ler features are also correlated to Al GaAs phonon and
GaAs multi2phonon absorption processes. Due to the
strong phonon absorption , the as2observed peak at
322cm - 1 for sample v265 has a large uncertainty. The
photoresponse spectra for all three samples are quite
broad ,indicating that the intersubband transitions are
of bound2to2continuum origin. The doping value in the
GaAs contact layer (1017 cm - 3 ) gives rise to a plasma
edge frequency of 101cm - 1 , which may contribute to
the relatively sharp decline at the longer wavelength
side of about 100cm - 1 for sample v267. For all three
samples ,the spectral shapes are nearly independent of
bias voltage up to a certain voltage value. Beyond the
voltage limits , the dark currents increase rapidly and
the photocurrent spectra become unreliable. The volt2
age limits are ±018 , ±012 ,and ±0103V for samples
v265 ,v266 ,and v267 ,respectively.
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Fig. 3 　Normalized photocurrent spect ra at 8 K 　The

solid curve is for sample v265 at 018V with a peak re2
sponse at 322cm - 1 (31μm , 917 T Hz) . The dashed curve

cor resp onds t o sample v266 at 0115V wit h a peak re2
sp onse at 180cm - 1 (56μm , 514 T Hz) . The dot ted curve

cor resp onds t o sample v267 at 0103V wit h a peak re2
sp onse at 108cm - 1 (93μm ,312 T Hz) .

The calibrated peak responsivity versus bias
voltage at different temperat ures is shown in
Fig. 4. All t hree responsivity curves show very sim2
ilar t rends. The responsivity increases nearly line2
arly wit h bias f rom the origin , anot her indication
t hat the t ransition is of bound2to2continuum ori2

Fig. 4 　Peak responsivity versus bias voltage at differ2
ent temperatures for the three T Hz QWIP samples 　
(a) Sample v265 at 31μm ; (b) Sample v266 at 56μm ; (c)

Sample v267 at 93μm

gin . The resp onsivit y2voltage curves are almost in2
dependent of temperat ure up to a certain value. A2
bove t his temperat ure , t he responsivity curves
show a marked increase. This upward t rend may be
related to t he increase in mobility wit h temperat ure
in t he imp urity scat tering limited regime. The re2
sponsivity values at low temperatures are in t he
range of 014 to 110A/ W ,comparable to t hose f rom
mid2inf rared and far2inf rared Q WIPs[ 4 ] . This result
implies t hat t he p hotoconductive gain is similar to
t hose of mid2 and far2inf rared QWIPs and that t he
excited carrier lifetimes are also similar .

BL IP temperat ures were measured by compa2
ring current2voltage curves under a dark condition
and under a 300 K background with a 90°field of
view ( FOV) at different temperat ures. The meas2
ured current2voltage curves are shown in Fig. 5.
Tblip is taken as t he temperat ure at which t he back2
ground p hotocurrent equals t he dark current . The
measured BL IP temperat ures are 17 , 13 , and 12 K
for samples v265 ,v266 ,and v267 ,respectively. The
result s agree reasonably well with t he calculated
values for v265 and v266 in Fig. 1. For sample
v267 , t he measure value of 12 K is much higher
t han t he calculated 5 K. The reason for t his is not
known presently. It is interesting to compare t he
dark current of sample v265 wit h t he previous de2
vice[4 ] ,which had a similar quant um well st ruct ure
but a narrower barrier width (40nm) . Sample v265
has a much lower current ,about t hree orders lower
at temperat ures below 17 K. We at t ribute t he sub2
stantial decrease in dark current to t he reduction of
inter2well t unneling by employing wider barriers.
When t he temperat ure dropped below a certain
point ,t he dark current stopped decreasing and re2
mained t he same. This temperat ure is 14 and 9 K
for samples v265 and v266 , respectively. This bot2
tom2out behavior is due to the remaining inter2well
t unneling or ot her mechanisms. Since t hese tunne2
ling current s are much lower t han t he background
p hotocurrent ,t hey do not affect device performance
under normal background limited operation. For
sample v267 ,because t hermionic emission and field
assisted t unneling were much st ronger t han inter2
well t unneling wit hin t he experiment temperat ure
range ,we did not observe any current bottom2out
behavior .
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Fig. 5 　Current voltage curves under dark condition
(solid) and under a 90°FOV 300 K background (dash)

2. 3 　Conclusion of this section

To end t his section , working towards a high2
performance T Hz QWIP technology , we have dis2
cussed t he design parameters and projected charac2
teristics and presented t he experimental result s for
a set of test devices. We have demonst rated BL IP
operations of t hree QWIPs wit h different detection
wavelengt hs in the terahertz region. Increasing bar2
rier t hickness is found to be an effective met hod for
reducing t he dark current and enabling BL IP oper2
ation. BL IP temperat ures of 17 ,13 ,and 12 K were

achieved for peak detection wavelengths of 31 ,56 ,
and 94μm ,respectively.

3 　THz quantum2cascade lasers

3. 1 　Device design

During t he past t hree years ,t he most exciting
new develop ment in semiconductor p hysics and de2
vices is t he T Hz QCL . It has seen very significant
p rogress since t he first report in 2002 [6～12 ] . Along
with the rapid advances ,a good qualitative p hysical
pict ure of t he device operation is emerging , inclu2
ding critical p rocesses such as carrier relaxation ,
t unneling ,and dep hasing. Based on our current un2
derstanding ,while we are able to choose t he values
of most device parameters ,we are not able to p re2
dict t he optimal doping for a given design. In this
section ,we present a systematic study of the effect
of doping on the performance of T Hz QCL s.

At p resent ,t here are two basic designs of T Hz
QCL s , but t here are surely more to come , eit her
with [8 ,9 ,11 ] or wit hout [ 6 ,7 ,10 ,12 ] t he explicit p honon
resonant relaxation. The active region of t he QCL
wafer , similar to Ref . [ 11 ] , is based on a 42well
module design in which the T Hz generating t ransi2
tion is f rom a pair of anti2crossed double2well
states ,t he longit udinal2optical (LO) p honon medi2
ated relaxation occurs in a wide and doped subse2
quent well ,and t he injection to the following doub2
le well is f rom an undoped well . A schematic of t he
conduction band profile is shown on the lef t part of
Fig. 6 , toget her wit h t he calculated squared wave2
f unctions of the most relevant states. In order to i2
solate t he effect s solely due to doping ,it is crucial
to keep all ot her parameters ,including Al f raction
and layer ( well and barrier ) t hicknesses , un2
changed while varying t he doping concent ration. A
special MB E growt h procedure was employed. We
usedδ2doping wit h Si at t he center of t he 15nm2
t hick“p honon”well and stopped t he wafer rotation
only during t he doping ,each time p recisely aligning
t he wafer’s [ 011 ] crystallograp hic direction along
t he Si cell azimut hal orientation ( see Fig. 6) . This
resulted in a nearly linear gradient of the doping
concent ration across t he 75mm wafer ,which had i2
dentical layer t hicknesses and aluminum fraction.
The QCL wafer was grown on a semi2insulating
GaAs subst rate wit h 1762cascaded 42well modules
made of GaAs wells and Al0. 15 Ga0. 85 As barriers.
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Cladding and contact layers were the same as those
in Ref . [ 11 ] , except t hat t he etch2stop layer was
011μm2t hick AlAs and t he lower contact layer was
011μm2t hick n + GaAs ,doped wit h Si to 510 ×1018

cm - 3 . Beginning wit h t he first injection barrier ,t he
layer thicknesses of the 42well module are 514/

718/ 214/ 614/ 318/ 1513/ 315/ 818nm , where t he
barrier layers are shown in bold and t he doped lay2
er is underlined. A schematic of t he wafer and t he
po sitions of t he measured samples are shown on
t he right part of Fig. 6.

Fig. 6 　Schematic conduction band profile ,calculated wavefunctions ,and schematic wafer layout

3. 2 　Experiment and discussion

Four small pieces ( labeled A～D) were used
systematically for t his st udy. By secondary ion
mass spect roscopy ( SIMS) measurement s , t heirδ2
doping densities were determined to be 312 ×1010

cm - 2 ( Sample A) , 316 ×1010 cm - 2 (B) , 412 ×1010

cm - 2 (C) ,and 418 ×1010 cm - 2 (D) ,respectively. The
nearly linear variation across t he wafer is in good
agreement wit h t heoretical modeling[13 ] . The do2
ping density and key measured result s are listed in
Table 2. The samples (A to D) were fabricated in
high2confinement metal2metal waveguides using
In2Au metallic wafer bonding as described in

Table 2 　Doping parameters and measured result s for a
set of four samples

Sample A B C D

δ2doping density

/ 1010c m - 2
3 . 2 3 . 6 4 . 2 4 . 8

Threshold cur rent

densit y / (A ·c m - 2)
255 408 580 800

Maximum lasing

te mperature/ K
90 109 88 79

　　The last two rows list t he t hreshold cur rent density at 10 K a nd

in t he infi nite cavity lengt h limit ,a nd t he maximum lasing te mp era2
ture ta ken as t he mean value of all measured data f rom each group .

Ref . [ 11 ] . L ase rs wit h va rious ridge widt hs ( ra n2
ging f rom 40 t o 200μm) and cavity lengt hs (1～
2mm) were tested. No coatings were applied on t he
cleaved facet s. All lasers were biased in p ulsed
mode wit h a p ulse widt h of 1μs and repetition rate
of 1k Hz.

Measurement s of elect rical and optical charac2
teristics of t he fabricated QCL s were carried out at
cryogenic heat2sink temperat ures ( 10 to 120 K) .
Figure 7 (a) shows the temperat ure2dependent light
versus current density curves of one device cut
f rom sample C. The t hreshold current density J th of
t his device is around 720A/ cm2 at 10 K and increa2
ses with temperat ure. The inset in Fig. 7 shows a
typical lasing spect rum measured at 10 K , which
peaks at a wavelengt h of 10316μm ,corresponding
to 219 T Hz in f requency. Figure 7 ( b) shows t he
measured current versus voltage characteristics at
various temperat ures.

For different group s of devices , Figure 8
shows the t hreshold current density versus t he
heat2sink temperat ure. Different curves wit hin each
group result f rom devices wit h different cavity
lengt hs and ridge widt hs , respectively. The sp read
rep resent s t he uncertainty of this experiment . It is
clear t hat devices wit h t he lowestδ2doping concen2
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Fig. 7 　Lasing light2current ( a ) and voltage2current
(b) curves at different temperatures for a typical QCL

device 　The inset shows a lasing spect rum. The device

was biased at 632A/ cm2 in pulsed mode (pulse width

1μs and repetition rate 1k Hz) at 10 K.

Fig. 8 　Threshold current density as a function of heat2
sink temperature for the four groups of devices with

different device dimensions ( cavity length and ridge

width)

t ration (Sample A) have the lowest t hreshold cur2
rent density ,while J th is highest for t hose with the
highestδ2doping concent ration ( Sample D) . Figure
9 plot s t he t hreshold current density at 10 K for de2
vices wit h different cavity lengt hs as a f unction of
t he recip rocal cavity lengt h 1/ L . The t hresholds in
t he limit of infinite cavity lengt h (1/ L →0) are giv2
en in Table 2. As expected , the threshold current
density increases wit h 1/ L for all four group s. The

Fig. 9 　Threshold current density at 10 K as a function

of reciprocal cavity length 　The symbols show experi2
mental data and the solid lines are linear fit s.

behavior displayed in Figs. 8 and 9 is consistent
with a monotonic increase of t he waveguide loss as
t he doping concent ration is increased. Unfort unate2
ly ,we cannot ext ract the waveguide loss reliably ,as
it would require t he accurate determination of t he
t ransparency current density and t he parasitic cur2
rent as well as t he mirror loss. For the p resent
metal2metal waveguide , similar to the microst rip
t ransmission line ———a common microwave tech2
nique ,t he mirror loss is more complicated to simu2
late t han the usual dielect ric waveguide. Recent e2
lect ro2magnetic simulations by Kohen et al . predic2
ted a reflectivity value in t he range of 0176 ～
0185 [14 ] ,which is very different f rom t hat of about
013 calculated by an effective index of about 315.

Thus far t he general t rends of t he measured
result s are not surp rising : Increasing doping result s
in an increase in f ree carrier absorption and
waveguide loss and t herefore an increase in t he
t hreshold current density. It is clear t hat t he two
ext remes of no doping and ext remely high doping
are of no practical use. There must be an optimum
region of doping for certain device characteristics.
One of t he most important figures2of2merit is t he
maximum operating temperat ure Tmax , which de2
pends on t he range of current densities for which
lasing occurs ,i . e. J max - J th ,where J max is t he maxi2
mum current density for which lasing occurs. Be2
yond t his J max , subband misalignment happens and
lasing ceases. Increasing the doping concent ration
increases bot h J th and J max ,but t here is an optimum
doping which yields the highest Tmax . Figure 10
shows t he observed maximum lasing temperat ure
Tmax of the four group s of QCL s as a f unction ofδ2
doping density. It clearly shows t he existence of an

336



半 　导 　体 　学 　报 第 27 卷

optimumδ2doping density (～316 ×1010 cm - 2 ) for
achieving t he highest maximum lasing tempera2
t ure. Note that each of t he experimental point s in
Fig. 10 is t he average of result s f rom several de2
vices ,and t he error bars are t he result s of statisti2
cal analysis. In addition to Tmax , we also analyzed
T0 for all devices ,but no t rend was found.

Fig. 10 　Measured maximum lasing temperature as a

function of δ2doping concent ration 　The maximum

temp erature was measured in p ulsed mode by increas2
ing heat2sink temp erature until t he lasing op eration

could not be observed. The symbols are measured re2
sults and t he line is a guide t o t he eye .

Alt hough t he observed result s are not unex2
pected , we do not have a quantitative t heoretical
explanation. We hope t hat f ut ure advances in mod2
eling will p rovide t he interp retation and t he predic2
tion capability necessary for t he design of T Hz
QCL s. Clearly ,more investigations are in order .

3. 3 　Conclusion of this section

In summary of this section ,a series of THz QCLs
with differentδ2doping concentrations in the active re2
gion have been fabricated and characterized. Experi2
mental results show that the lasing threshold current
density depends strongly on the doping concentration.
The results also indicate that the waveguide loss in2
creases with doping. The maximum lasing temperature
displays an optimum for a doping density of 316 ×1010

cm - 2 . Our results point out the critical role that the
doping concentration plays in reaching high tempera2
ture operation.

4 　Couclusion

As an end note of t his paper , alt hough sub2
stantial follow2up work is needed ,we are optimis2

tic t hat we will f urt her improve t he device per2
formance ,and we p roject t hat optimized T Hz quan2
t um devices will be usef ul for the booming field of
T Hz science and technology and create new and u2
nique applications.
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