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Th is paper gives a revie w of semi conductor materia ls that are used to
fabricate ultraf ast photosw itches . T he opto electrica l resp onse of the switches

is Ùrst describ ed w ith simple mo dels, from which the material requirements
are deduced. The basic princip les of the required material prop erties | ul-
trashort free carrier lif etime and high mobili t y, high dar k resistivi ty, and high

Ùeld breakdow n | are explaine d. T hen, the most popular ultraf ast semicon-
ductors are listed, together with their characteristics. A special emphasis is
put on low- temp erature grow n GaA s. Finall y , two applicati ons of these ul-
traf ast materials are presented, namely antennae for terahert z radiation and

all- opti cal nonlin ear devices.

PAC S numb ers: 85.60.{q, 85.60.Dw , 72.20. {i, 72.40.+ w , 72.80.Ey, 42.65.Re

1. I n t rod uct io n

The laser exhi bi ts tw o rem arkable features, among others, nam ely i ts l ight
beam coherence and the possibi l ity of pro duci ng very short l ight pul ses.The coher-
ence m akes the laser l ight obeyi ng to the Poisson stati sti cs, leadi ng to weak noise
in the tra nsmission of inf orm atio n thro ugh opti cal m eans. Thi s consti tutes one of
the bases of opti cal com muni catio ns, al lowi ng the insta l lati on of long-di stance sys-
tem s. Short l ight pul sesare used as bi ts of inf orm atio n in such system s. No wadays,
sub- nanosecond l ight pul ses comm only propagate in opti cal Ùbers, as top- level
comm ercial systems are runni ng at 10{ 40 Gbi t / s. In com peti ti on wi th wa velength
m ulti plexing system s tha t al ready reach data rates of several Tbi t/ s [1], i t is ex-
pected tha t ti me-multi plexi ng systems wi l l app ear in a close future, carryi ng short
pul ses corresp ondi ng to tra nsmission rates hi gher tha n 100 Gbi t/ s. Thi s requi res
detecto rs of l ight who se band wi dth exceeds 100 GHz, i .e. whose ti me response is of
the order of a f ew pi coseconds. Beside the tel ecomm unicatio n dom ain, whi ch cer-
ta inly consti tutes the main m ark et for such a technology, ul tra fast photo detecto rs
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are employed in many areas of techno logy and physi cs, l ike high speed electroni cs,
tri ggering of electroni cs circui ts, opti cal ly- fed phase-array radar antenna e, gener-
ati on of short electri cal events, antenna e for tera hertz spectroscopy .

T oday, the most e£ cient l ight- electri city converters are semiconducto r (SC)
devi ces. The absorpti on of incom ing photo ns exci tes electro ns from the valence
band or from tra ps to the conducti on band. Thi s phenomenon Ùrst creates a pop-
ul ati on of dipoles in the SC, changing the polari zati on of the m ateri al and thus
leading to a di splacement current. Then, under a bi as vo lta ge, the photo carri ers
are accelerated and produce the conducti on current. The current exists unti l al l
the photo generated carri ers get captured, recombi ne or reach the devi ce electro des.
As the energy is given not onl y by the l ight pul se but also by the bias vol ta ge,
the e£ ciency of photo conducti ng devi ces surpasses tho se of other devi ces based
for exam ple on nonl inear opti cal phenomena.

The ti m e response of ul tra fast SC detecto rs is l imited by either the carri er
l i feti m e, the carri er tra nsi t ti m e in the devi ce, or the ti me consta nt of the who le
electronic circui t tha t incl udes the detecto r. The photo excita ti on of the carri ers
can be supp osed as being insta nta neous. The uncerta inty pri nci ple Â E Â t < h

leads to a band- to-band excita ti on dura ti on Â t < 2 fs for Â E ¤ 2 eV, i .e. for
an SC wi th the band gap in the vi sible [2]. The m ain l imi ta tio n due to the m a-
teri al is thus the carri er recom bi natio n ti m e. The recombi nati on pro cess can be
stro ngly f astened by addi ng defects in the m ateri al , whi ch act as e£ cient tra ps for
free carri ers. T oday, the most popular materi als are low- tem perature grown (L TG )
SCs tha t are non-sto ichiom etri c. The species in excess play the ro le of tra ps. The
carri er l i feti me can be extrem ely short : values smal ler tha n 50 fs have been re-
ported in LTG -GaAs [3]. Al terna ti ve m ateri als are polycrysta l line, ion- implanted,
dam aged and am orpho us SCs layers. In order to obta in high photo induced cur-
rent density , the carri ers must exhi bi t a hi gh m obil i t y, favo ring I II{ V or I I{ VI
compounds as compared to colum n IV SC (Si , Ge). Typi cal ly, electron mobi li t y in
LTG -GaAs is wi thi n the range 1000{ 2000 cm 2 / (V s) [4], smal ler tha n the value for
semi-insul ati ng GaAs (SI- GaAs), but m uch higher tha n in Si , CdT e, and InP [5].

Apa rt from the m ateri al pro perti es, the geom etry of photo detecti on devi ces
has to be opti m ized in order to achi eve high conversi on e£ ciency and ul tra short de-
vi ce ti me response. Today, the fastest devi ce is a photo swi tch made of two m etal l ic
para l lel stri ps, serving as electro des, deposited over a fast SC, kno wn as the Aus-
to n swi tch [6]. Its response ti me beneÙts from the smal l photo swi tch capacity and
electri cal pul ses as short as 200 fs have been generated [7]. However, i ts e£ ciency
is weak but could be increased using m etal { SC{ metal (MSM) di ode geom etry .
MSM di ode electrodes are interdi gi tated meta ll ic Ùngers deposited over the SC.
The i l lum inated area is wi der tha n in the Austo n switch but the MSM capacity
is relati vely large, increasing the ti m e response of the di ode. Other devi ces, l ike
p i n photo di odes [8, 9] or tra vel ing wa ve detecto rs [10], exhi bi t also rem ark able
perform ances. The Austo n swi tches, as well as MSM, Schottky and pin diodes,
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generate not only current or vol ta ge pul ses del ivered to the connected ci rcui t,
but also radiate electro magneti c tra nsients in the free space, because the devi ce
can be pictured as a di pole. W hen the switch is photo exci ted, i ts dipolar mom ent
vari es abruptl y givi ng ri se to a radi ati on who se far Ùeld is pro porti onal to the ti m e
deri vati ve of the current density Ûowi ng thro ugh the devi ce [11, 12]. Fast devi ces,
l ike LTG -GaAs photo swi tches, pro duce sub- ps electrom agneti c bursts, who se spec-
trum spreads typi cal ly from som e tens of GHz up to several THz. The best value
reported is larger tha n 60 THz [13], corresponding to wa velengths ranging f rom
5 ñ m up to 1 cm. These devi ces, whi ch produce the wi dest contro llabl e electro-
m agneti c spectrum , are named THz antenna e. They have opened new Ùelds of
inv estigati on of the f ar infrared, wi th remarkable results in spectroscopy, sensing,
and imaging [14].

In thi s revi ew paper, we wi ll focus our attenti on on ul tra fast photo swi tches
and related ul tra fast SC. We wi ll Ùrst recal l wha t are the SC physi cal parame-
ters requi red to m anuf acture ul tra f ast swi tches. Then we wi l l describe the basic
physi cal pro perti es of such SC, in term s of opti cal and electri cal pro perti es. W e
wi l l present several selected materi als among the m ost popul ar, such as LTG SCs.
Fi nal ly, we wi l l bri eÛy describe a few appl icati ons of these ul tra fast materi als
and photo swi tches, l ike antenna e for THz ti me-domain spectro scopy and nonl in-
ear opti cal devi ces. Ul tra fast processesin low- dimension devi cesand m ateri als l ike
quantum dots or quantum wells are not trea ted in thi s paper. The interested reader
is ref erred to the com plete revi ew paper by Nol te [15].

2 . M at er ia l requ i r em ent s

A photo swi tch is generally m adeof a highl y resistive SC wa fer on to p of whi ch
m etal l ic electro des are evaporated. The gap between the electrodes becom es con-
ducti ve vi a the photo generati on of carri ers. The photo swi tch is externa l ly bi ased
under a vo l tage U . The who le electri cal circui t includes the photo swi tch, the vol t-
age suppl y, and a resistance R c tha t coul d be either an externa l load, the conta ct
resistance of the electro des, or the im pedance of the m icrowave l ine form ed by the
electrodes, i f any. As the exp ected electri cal signals are very short, the electri cal
behavi or of the who le circui t must be trea ted wi thi n an electrom agneti c theo ry.
Ho wever the ta sk is di £ cul t as one should calcul ate both the carri er dyna mics in
the SC and the resul ti ng current signal in the who le circui t. It is easier Ùrst to
consider the photo swi tch as a com ponent for whi ch one can com pute the opto -
electronical response, and then to intro duce i ts equivalent electri cal m odel in the
ci rcui t.

W itho ut i l lum inati on, charges are stocked at the electro des, whi ch behave
as a capacito r. D ue to the Ùnite conducti vi ty of the SC m ateri al , one observes
a weak dark current. Thus the equivalent m odel f or the non-exci ted switch is a
dark resistance R dar k in para l lel wi th a capacity C . Under i l lum ina ti on, the SC
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shows a stro ng photo conducti vi ty , whi ch adds to the dark conducti vi ty . Theref ore,
in term s of resistance, the photo swi tch is equivalent to a photo varyi ng resistance
R on ( t ) in para l lel wi th R da rk . Simul ta neously, the dielectri c constant of the SC
vari es, because of the photo carri er popul ati on exci ted in the conducti on band,
and consequentl y so does the swi tch capacity . Neglecting in a Ùrst appro ach the
pro pagati on ẽ ect, the electri cal signal in the circui t obeys the relati on

C ( t )
dV ( t )

dt
+ V ( t )

dC ( t )

d t
+ V (t )

˚
1

R c
+

1

R da rk
+

1
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Ç

=
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;

where V ( t ) is the vo l ta geat the swi tch. Both C ( t ) and R on( t ) depend on the densi-
ti es n ( t ) of free electrons and p (t ) of free holes.For exam ple, R on /

V ( t )

e [n ( t ) v e + p ( t ) v h ]
,

where ve and v h are respecti vely the electro n and hole vel ociti es. The photo gen-
erated carri er popul ati on dyna m ics is usual ly described wi th a popul ati on rate
m odel [16]:

dn ( t; r )

d t
= g ( t; r ) À

n ( t; r )

§e
+ r Â [ D n r Â n (t; r ) + ñ en (t; r ) E ( t; r ) ] ;

dp ( t; r )

dt
= g ( t; r ) À

p ( t; r )

§h
+ r Â [ D p r Â p ( t; r ) À ñ h p ( t; r )E ( t; r )] ;

where g ( t; r ) i s the photo generati on rate, §e ; ñ e, D e and §h ; ñ h ; D h are respecti vely
the electron and hole l i feti m es,mobi l i ties and di ˜usi on coe£ cients. The two carri er
popul ati ons intera ct thro ugh the Poisson law, givi ng ri se to a screening of the
appl ied Ùeld

r Â E ( t; r ) =
e

"
[ p ( t; r ) À n ( t; r )] :

Thi s set of coupl ed nonl inear di ˜erenti a l equati ons is solved num erical ly wi th Ùnite
di ˜erenti al ti m e dom ain (FD TD ) m etho ds [16, 17]. In general , the generated pul se
shows a fast ri seti me, whi ch is mostl y l imited by the incom ing laser pul se dura ti on.
The decay exhi bi ts usual ly two regim es, a fast one due to the electrons, whi ch is
l im ited either by the electron l i feti m e, the electron tra nsi t ti m e, or the R C ti m e
constant of the who le circui t [18]. The second one appears as a longer ta i l due to
the holes. W hen using ul tra fast m ateri als, the m ost lim iti ng param eter is the R C

ti m e constant of the circui t. The peak am pl i tude of the pul se is proporti onal to
the carri er m obi l it y, the bi as vol ta ge, and the laser power. The signal contra st,
i .e. peak ampl itude over background level, is maxi mum when the dark current is
m inim ized, tha t is when highl y resistive m ateri als are used.

It ends up tha t the ideal SC m ateri al for ul tra fast photoswi tchi ng purp oses
should exhi bi t high free carri er m obi li t y and ul tra short l i feti m e, high resisti vi ty ,
and high electri cal Ùeld breakdo wn.

Let us noti ce tha t, when deal ing wi th low intensi ty signals or wi th ul tra fast
swi tches (pul se dura ti on com parable to the carri er scatteri ng ti me), the above
m odel is no m ore sui tabl e as averaging currents over long ti m es and large num ber
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of carri ers is impossible. One should employ stati sti cal techni ques, l ike the Mo nte
Ca rlo one [18, 19], whi ch neverthel ess lead to overal l resul ts simi lar to tho se given
by the sim ple m odel .

3 . Mat er i al pr op er t ies

3.1. Li fetime

The carri er l i feti m eis reduced when carri ers are tra pped by centers in the SC,
l ike defects, im puri ties, and dislocati ons. For low in jection regim e, the l i feti me is
given by the Shockl ey{ R ead{ Hal l theo ry: §c = 1

¥ c N t r a p v
th

, where v th is the therm al

vel ocity of the carri ers, ¥ c i s the capture cross-section and N tra p | the tra p center
density . Trappi ng centers can be created in SC m ateri als by ionic im planta tio n,
radi ati on damaging, growth of non-stoichi ometri c layers at a low tem perature, or
growth of polycrysta l l ine and am orpho us layers.

3.2. Mo bil i ty

The carri er mobi li t y is proporti onal to the free carri er scatteri ng ti me. The
scatteri ng pro cess results from col l isions either wi th impuri ties or wi th phonons.
At room tem perature, in high mobi l it y crysta ls l ike GaAs, the phonons are the
m ain cause of scatteri ng. As the mobi l it y vari es inversely as the square root of
the carri ers e˜ecti ve m ass [20], i t is pref erabl e to employ low e˜ecti ve m ass m a-
teri als, such as I I I{ V or II{ VI com pounds. In engineered ul tra fast m ateri als l ike
LTG -GaAs, the density of defects and impuri ti es is high enough to contri bute to
the scatteri ng pro cess.The m obi li t y, in materi als for whi ch elastic scatteri ng f rom
neutra l defects occurs, was estim ated by Ersi ngoy to vary inversely to the defect
density [21]. The mobi li t y in such m ateri als coul d be reduced by a factor larger
tha n 10 as com pared to the perfect bul k crysta l .

In ul tra fast SC, the evaluati on of the m obi l it y is a di £ cul t ta sk leadi ng to
di ˜erent values reported for the sam e materi al (see T able I). Ma ny reasons expl ain
the di spersion of the resul ts. In SC wi th sub-ps carri er l i feti m e, the conducti on of
the carri ers ta kes pl ace duri ng a ti m e com parabl e wi th the carri er scatteri ng ti m e.
Thi s m eans tha t before the exci tati on of a phonon, the carri er di splacement is
bal l istic, and then i t tends to wards an ohm ic behavi or [22]. In GaAs, exci ta ti on
of phonons occurs wi thi n 100{ 200 fs [23, 22]. On the other hand, the non- therm al
behavi or of the free carri er at very short ti m e after exci ta ti on slows down the
m obi l it y [24]. In addi ti on, when the SC exci ta ti on is perform ed wi th hi gh-energy
photo ns, relaxa ti on to the L val ley (sm al l mobi l it y) and then to the À vall ey (hi gh
m obi l it y) can also be observed.

Theref ore, a great care shoul d be ta ken when m easuri ng the carri er m obi li t y.
The classical van der Pauw m etho d gives the \ stati c" Hal l m obi l it y, but not the
tra nsient m obi li t y. Metho ds based on the integ rated e£ ci ency of photo swi tches [25]
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T ABLE I

Electron mobili ty and lif etime in selected ultraf ast SCs.

Material Material Mobili ty §sca tt er : § l i f eti m e Remarks

parameters [cm 2
= ( V s) ] [ fs] [ps]

RD- SO S oxygen 422 48 4 optical pump

| T H z prob e

experiments [26]

10{100 [27] integrated

RD- SO S argon 29 [28] 500 [28] photosw itch

oxygen 360 [29] 600 [30] e£ciency

SOS 200{400 [31]

LT G-GaA s 2250{3000 280{660 T H z pulse

analysi s [4]

LT G-GaA s T g = 200 £ C 150 300 integrated

photosw itch

e£ciency [25]

LT -GaA s 1650 300 saturation

of T H z

emission [32]

ion- impla nted 0.5{2000 [33] 200{5000 H all

GaA s mobili ty [33]

CdT e 180 [34] 450 [34]

polycrystal li ne

m ay lead to underesti m ated mobi li t y. It seems tha t metho ds based on the analysis
of THz pul ses[4] radiated by dipole antenna e are more truthf ul . Tabl e I gives the
m obi l it y, scatteri ng and l i feti m es in several selected m ateri als, to gether wi th the
m etho d employed to measure the m obi li t y.

3.3. Elect r i cal Ùeld breakdown

The electri cal breakdo wn occurs when carri ers, accelerated by the bias Ùeld,
acqui re a large amount of ki neti c energy and becom e abl e to ionize ato m s thro ugh
col lisions. Thi s avalanche pro cessleads to an exponenti al increase in the free carri er
density along the devi ce. The devi ce resistance does not obey the Ohm law, but the
I V curve shows a nonl inear behavi or at hi gh appl ied Ùelds. In LTG m ateri als,
the conducti vi ty at low electri cal Ùelds is due to charge hopping, whi le at high
Ùelds, therm oionic and Ùeld emissions from defect parti cipate in the conducti vi ty .
Mo st of free carri ers are captured by the hi gh density of defects and thus cannot
parti ci pate in the im pact ioni zati on, resulti ng in high electri cal breakdo wn values.
Luo et al . [35] have m easured valuesvaryi ng f rom 80 to 320 kV/ cm (to be com pared
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wi th 10 kV/ cm in SI- GaAs) when the growth tem perature decreases from 300 to
2 0 0 £ C. In beryl l ium doped LTG -GaAs, the breakdo wn Ùeld is even hi gher tha n in
undo ped LTG -GaAs (530 kV/ cm f or [Be] = 5 È 1 0 1 8 cm À 3 grown at 2 8 0 £ C [36]).
Annea l ing the sam ples at 600£ C reduces the defect density and consequentl y the
breakdo wn Ùeld ri ses up to 350 kV/ cm [36].

3.4. Dar k resi sti vity

The dark resistivi ty is a l im i ti ng factor in two cases. The Ùrst one is related to
the band conducti vi ty , whi ch appears in smal l energy band gap m ateri als. Indeed,
the band gap wi dth is to o smal l to forbi d therm al exci ta ti on of free carri ers. Thi s is
the case in the inf rared, for exam ple wi th 1 : 5 5 ñ m materi als l ike InAs. In SCs wi th a
large am ount of defects, m any of them are ioni zed and one observes a hoppi ng- typ e
dark conducti vi ty tha t is characteri zed by a T À 1 = 4 dependence on tem perature.
As the charges hop from one defect to another one vi a tunnel ing assistance, dark
conducti vi ty vari es as the defect density . Typi cal ly dark resistivi ty in LTG -GaAs
is of the order of 5 È 1 0 3

À 1 0 4 ¨ cm [35]. Annea l ing reduces the num ber of arsenic
anti sites, whi ch leads to a decrease in hoppi ng conducti vi ty .

4. Select ed u l t r af ast m at er i als

4. 1. Low-t emperat ure grown mater ials

Lo w-tem perature grown I I I{ V SCs are nowadays the most popul ar materi als
for ul tra fast pho toswi tchi ng. D ue to the growth at a low substra te tem perature
(200À 3 0 0 £ C), the m ateri al exhi bi ts a species in excess, whi ch appears either as
intersti ti al or anti site defect in the crysta l structure. Mo reover, vacanci es of the
other species are also observed [37]. In LTG -GaAs, the low-tem perature growth
leads to ¤ 1% excess arsenic when the lay er is grown under arsi ne overpressure.
The defect density ([ AsG a ] = 1015

À 1020 cm À 3 ) vari es inversely wi th the growth
tem perature in the range 250 À 3 0 0 C [38]. The carri er l i feti me is a l inear functi on
of the defect density in the growth temperature range 200À 3 0 0 C [25, 4, 39].

The crysta l lographi c qual i ty of the lay ers is greatl y im pro ved by a post-an-
neal ing at hi gh tem perature (600À 8 0 0 C). A large part of the arsenic in excess
preci pi tates to form meta ll ic cl usters of 50{ 100 nm diam eter. It is now adm i t-
ted tha t the m ain tra ps for electro ns are the ionized As anti sites, As +

G a, whi ch
consti tute 5{ 10% of the to ta l anti sites [38]. Holes are m ostl y captured by the
gal l ium vacanci es VG a. The preci pi ta tes seem to play a m inor ro le in the car-
ri er l i feti me since arsenic-im planted GaAs [40] or polycrysta l l ine LTG -GaAs [41],
wi tho ut preci pi ta tes, behaves as LTG -GaAs. However thi s question is sti l l under
di scussion [42]. The im porta nt point is thus to contro l the ionized As+

G a density ,
i .e. the concentra ti on of acceptors (V G a) tha t com pensate for AsG a . It depends
stro ngly on the growth and annealing param eters, l ike the tem perature and the
beam equivalent pressure of the As and Ga Ûuxes.
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D oping LTG -GaAs wi th an accepto r l ike beryl l ium com pensates the arsenic
in excess, and thus gives an addi ti onal degree of freedom to contro l the As+

G a den-
sity . The second adv anta ge of doping wi th smal l ato ms l ike Be is the relaxati on of
the latti ce stress induced by the arsenic in excess. Thi cker good qual ity layers may
be grown [43]. However, Be dopi ng must rem ain at a low level to prevent electri cal
conducti on in the materi al . It is exp ected tha t As+

G a density wi l l increase and con-
sequentl y the carri er l i feti m e wi ll decrease proporti onal ly to the Be concentra ti on.
Ho wever, thi s is not exp erimenta l ly observed, nei ther for the As +

G a density [44] nor
for the carri er l i feti m etha t Ùrst increaseswi th Be concentra ti on and then abruptl y
decreases over [Be] = 1 0 1 9 cm À 3 [4 5 ]. It is possible tha t some of Be ato m s occupy
the place of V G a in the latti ce of LTG -GaAs [43]. As each V G a can keep 3 electrons
whi le Be keeps onl y one, intro duci ng Be reduces As +

G a density and increases the
carri er l i feti m e. Thi s phenom enon occurs unti l al l the V G a are Ùlled wi th Be. For
hi gher Be concentra ti on, each addi ti onal Be ato m com pensates for one arsenic in
excess, and thus As+

G a density increases, leading to very short carri er l i feti mes at
hi gh Be concentra ti ons.

Al tho ugh the band gap energy of LTG -GaAs is 1.43 eV (Ñ gap ¤ 0:87 ñ m),
attem pts have been done to exci te thi s m ateri al at the tel ecom munica ti on wave-
length (1 : 5 5 ñ m { 0.8 eV) vi a two -photo n absorpti on [46, 47]. The swi tchi ng pro cess
is as fast as in a single pho ton process, but the e£ ciency is of course m uch weaker.
Mi d-gap defect sta tes may play a ro le in the exci ta ti on pro cess [47]. A possible al -
terna ti ve LTG m ateri al for swi tchi ng at 1 : 5 ñ m is LTG -InG aAs [25, 48]. InAl As [25]
and CdT e [49] have also been grown at low temperature for photo swi tchi ng appl i -
cati ons.

4.2. Ion impl ant ed mat er ials

Ma ny materi als have been im planted wi th di ˜erent ions. The im planta ti on
wi th l ight ions dam ages the crysta l latti ce (pro to n in GaAs [50] and InP [51], or
oxyg en in sil icon on sapphi re (R D -SOS) [30, 26]). Post- im planta tio n therm al an-
neal ing reduces the latti ce defect density [52], leading to hi gher carri er mobi li t y
but to longer carri er l i feti m e. In GaAs, im planted heavy ions behave as point de-
fects, in a way sim ilar to arseni c in excess in LTG -GaAs [40]. Ma ny ions have been
im planted in GaAs, such as As [53{ 55], Ga [56, 57], Si and O [58]. For appl icati ons
in tel ecomm unica ti ons, InG aAs has been im planted wi th O and Ni [59].

4.3. Other mater ials

In polycrysta ll ine or am orpho us m ateri als, gra in bounda ri es may form de-
fects. Thus the carri er l i feti m ecould be very short but the charge tra nsp ort occurs
in the extended band ta i ls (Urba ch ta i l) hence resul ti ng in a low m obil it y. No nethe-
less ul tra fast devi ces have been fabri cated wi th such m ateri als. Am orpho us sil i -
con [60] and polycrysta l l ine sil icon [61] have been am ong the Ùrst studi ed ul tra fast
SC. Am orpho us GaAs is usual ly grown over dielectri c substra te l ike Mg O [62] and
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i t shows sub- picosecond carri er li feti me [62, 63]. Polycrysta l line LTG -GaAs ex-
hi bi ts sim ilar perform ance [41].

5 . Ap pl i cat io ns

5. 1. Phot oswi t ches

Pho toswi tches are m ade of two electro des evaporated over a highl y resistive
ul tra f ast SC. Usual ly, the electrodes consti tute ei ther a stri p or a copl anar m i-
cro wave waveguide capabl e of supp orti ng broad band pro pagati on. The ul ti m ate
devi ces are designed on m embra ne substra tes whose band wi dth exceeds the THz
thresho ld [64]. The signals are m easured by electro opti c or photo conducti ve sam -
pl ing techni ques [65]. The f astest record (200 fs FW HM) has been publ ished by
Kei l and D ykaar [7], who m easured the generated electri cal Ùeld at the locati on of
opti cal exci tati on. Mo re com m only, the electri cal signal is m easured along the m i-
cro wave wa vegui de tha t serves as electro de. Typi cal ly LTG -GaAs swi tches exhi bi t
pi cosecond response ti m e [25, 66, 67]. Devi ces wi th wi de gap between electro des
swi tch ki lovol ts in a few picoseconds [68]. The e£ ciency of the di polar swi tches is
rather weak (peak am pl itude ¤ 1 m A/ W [69, 55]). T o increase the conversi on e£ -
ci ency, i t is preferable to empl oy ul tra fast MSM di odes, who se e£ ciency is of the
order of 0.1 A/ W [70]. Thei r response ti m e is som ewhat longer, l imited by the R C

ti m e constant of the devi ce. Neverthel ess, Ko rdos et al . [71] have pro duced 650 fs
dura ti on pul seswi th a 2 ñ m interÙnger LTG -GaAs MSM di ode. Com pact picosec-
ond photo swi tches are ni cely used to fabri cate photo conducti ng pro bes [72{ 75]
tha t detect and m easure high frequency and/ or ul tra fast electri cal signals in high
perform ance ci rcui ts, wi tho ut intro duci ng m uch perturba ti on.

5.2. T Hz ant ennae

THz antenna eare di pole-l ike switches. The gap between the two electrodes is
general ly much smal ler ( ¤ 1 0 ñ m) tha n the radiated sub-m i l limeter wa velengths,
justi fyi ng the di polar appro xi m ati on, even i f quadrup olar term s in the radiated
Ùeld have been reported [76]. Neverthel ess, the di polar behavi or of the radiated
Ùeld is also observed wi th wi de gap antenna e used in powerf ul system s [77]. In
the dipolar appro xi mati on, the far Ùeld radi ated by a ti m e-varyi ng dipole P ( t ) i s
given by the ti m e deri vati ve of the current J ( t ) Ûowi ng in the swi tch

E T H z /

d2 P

dt 2
=

dJ

dt
=

d
dt

[ e( n h v h À n ev e)] :

Theref ore, the THz Ùeld am pl itude wi ll be very large i f both the density and
m obi l it y of photo carri ers are hi gh and the current pul se is short. The THz di pole
is usual ly atta ched to an antenna , in order both to enhance the coupl ing of the
wa ve to free space and to m ake the THz beam alm ost para l lel. The m ost popul ar
arra ngement [78] is a photo swi tch manufa ctured over a highl y resisti ve substra te
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and atta ched to a hyp er-hem ispheri cal dom e, both being located at the focus of a
parabolic m irro r. The dipole structure shows the wi dest band wi dth, but i ts gain is
rather low. It can be slightly im pro ved by designi ng sharp edge electro des [79]. If
one desires to opti mize the e£ ciency for a l im i ted frequency range, i t is pref erable
to use dedicated high-gain antenna e, l ike spira l antenna e [80]. It must be noti ced
tha t nonuni form i llum inatio n of the photo swi tch gap pro duces THz pul ses wi th
enhanced am pl i tude [81].

The THz Ùeld can be detecte d by photo conducti on in an ul tra fast switch.
Let an opti cal pul se generates carri ers in an unbi ased swi tch: there is no current
Ûowi ng in the swi tch because of the absence of Ùeld. But, i f sim ulta neously the Ùeld
of the THz radiati on i l luminates the switch, the photo carri ers are accelerated by
thi s Ùeld and a current is created. Contra ry to opti cal detecto rs tha t are sensibl e to
the intensi ty of the l ight beam , thi s THz detecto r shows the unique characteri stic
of deliveri ng signals proporti onal to the THz Ùeld am pl i tude. The tem pora l shape
of the signal is measured by sam pl ing techni ques: the sam e laser beam is used to
exci te both emi tter and receiver wi th an adjusta ble ti m e delay between both. The
detected signal wri tes

i (§ ) ¤

Z + 1

À1

Z + 1

À1

E T H z ( t 0
À § ) I la ser ( t ) ² rec ei ver ( t À t 0 ) dt dt 0 ;

where I la ser is the laser intensi ty tha t excites the receiver, and ² re ce ive r is the im -
pul se ti m e response of photo carri ers in the receiver. A careful study [82, 83] of
the precedi ng expression shows tha t the signal spectrum depends m ostl y on the
carri er l i feti me in the receiver and on the laser pul se dura ti on, as observed exper-
im enta lly [84]. Followi ng thi s rul e, 20 THz waves were generated and detected,
usi ng 15 fs laser pulses, wi th LTG -GaAs photo conducti ng antenna e [85], and sub-
sequentl y 60 THz using an im prov ed shaker techni que [13].

No wadays, al terna ti ve ti m e-domain opto electro nics system s com pete the pho-
to conducti ve antenna e. THz pul ses can be generated by exci ta ti on of carri ers at
an SC surface [86]: the surf ace edge exhi bi ts a decrease in the electroni c density ,
whi ch leads to a bending of the energy bands and thus to an intri nsic surface Ùeld.
Ca rri ers photo generated at the SC surf ace are accelerated in the surface region and
radi ate a THz signal di rected mostl y along the surface, as the equivalent di pole
is norm al to the surface. W hen large waist beam s are employed, the THz beam
di recti on is given by quasi-Fresnel laws [86]. The THz pul se dura ti on (sub- ps) is
given by the electron tra nsi t ti m e thro ugh the surface region and the generated
signals are comparable to tho se achieved wi th photo swi tches. The m ost e£ cient
m ateri al for surface generati on is InAl As [87]. However, the badl y contro l led shape
of the THz beam m akes di £ cul t the analysis of some exp erimenta l data l ike in
THz ti me-dom ain spectroscopy.

THz pul ses m ay also be generated by opti cal recti Ùcati on in a nonl inear
crysta l [88]. Opti cal recti Ùcati on corresp onds to f requency di ˜erence in a nonl in-
ear crysta l showi ng no center of sym metry . The ori gin of thi s phenom enon is l inked
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to the nonparabol ic molecular potenti al wel ls experienced by the electrons. In the-
ory , as non-resonant nonl inear e˜ects are alm ost instanta neous, thi s techni que
is capable of pro duci ng the wi dest THz spectra and, as a m atter of fact, ul tra -
wi de spectra spreadi ng have been reported [89{ 91]. Ho wever, two factors l im it
the perf orm ance of THz sources based on opti cal recti Ùcati on. Fi rst, exci ta ti on
of opti cal phonons in the organi c [92, 93] or ferroelectri c [90] nonl inear crysta ls
leads to weak e£ ci ency zones in the generated spectra , where the signal drops
to zero. Secondl y, hi gh e£ ci ency occurs onl y when the laser and THz beams are
phase-m atched, in order to cum ulate the e˜ect of generati on al l along the crysta l
thi ckness. Thi s requi rem ent is di £ cul t to m eet because of di spersion. ZnT e [94]
shows a weak di ˜erence of the opti cal and m icro waves indi ces, al lowi ng appro xi -
m ate phase-m atchi ng. General ly, thi s pro blem is overcom e by using thi n crysta ls.
The detecti on of THz waves could be achieved in the sam e typ e of crysta ls by
electroopti c sam pl ing [95, 96]. The incom ing THz Ùeld induces a bi refri ngence in
the crysta l . The polari zati on of an opti cal pro be beam , tra nsmi tted thro ugh the
crysta l , ro ta tes because of the bi ref ringence. The m easure of the polarizati on rota-
ti on al lows one to determ ine the THz Ùeld ampl itude and di recti on. Thi s techni que
shows the sam e advanta ge and drawba ck as THz generati on by opti cal recti Ùca-
ti on, tha t is extrem ely large band wi dth, but smal ler e£ ci ency tha n photo swi tch
devi ces. Thi s last point m akes photo swi tch THz antenna e preferable to bui ld up
sensiti ve THz ti me-dom ain spectroscopy setup, as, exci ted by the same laser power,
electroopti c system s are noisier [97].

5. 3. N onl inear devices

Opti cal nonl ineari ti es in semiconducto rs are al ready used in vari ous devi ces.
In the sub-band-gap wa velength range, bound- electron induced refracti ve index
changes in semiconducto rs are som ewhat larger tha n in di electri c crysta ls. How-
ever, mul tipl e-quantum wel ls and other SC opti cal devi ces worki ng in the mate-
ri al tra nsparency region have rather narrow dyna mic range because two -photo n
absorpti on l imi ts the opti cal power in the semiconducto r and the free carri ers
generated in thi s process recombi ne on a rather long ti m escale. On the other
hand, band- to -band absorpti on induced nonl ineari ti es, mainly due, at room tem -
perature, to band Ùll ing e˜ect, are larger by several orders of magni tude as com -
pared to bound electro n contri buti on (T able I I). In thi s respect, ul tra fast SCs,
l ike LTG -GaAs and other non-sto ichi ometri c SCs, o˜er at least two adv anta ges
over tra di ti onal semiconducto rs. The short l i feti mes of the non-equi l ibri um carri -
ers e˜ecti vely rem ove the l imita ti ons due to multi photo n absorpti on and lead to
ul tra f ast nonl inear intera cti ons (see T able I I).

As yet, there are kno wn onl y several nonl inear opti cal devi ces based on
LTG -GaAs and related non-sto ichi ometri c m ateri als, wi th SESAM [105] as the
m ost successful of them . SESAM is a Bra gg reÛector mirro r in whi ch a layer is
m ade of LTG -GaAs, and who se reÛectivi ty exhi bi ts a strong nonl ineari ty due to
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T ABLE I I

Optical K err e˜ect or band- to- band induced index change in various materials [5] .

Material n 2 Physical origin Â n Ref .

[cm2 /k W] (at 6 GW/cm 2 )

LT -GaA s ¤ 1 0
À 9 band to band absorption 6 È 10 [98]

GaA s bound electrons [99]

GaA s band to band absorption [100]

InSb at 10 m band to band absorption 0. 12 [101]

M N A (organics) delocal ized electrons [102]

SiO glass bound electrons [103]

SiO {PbO glass bound electrons [104]

band Ùll ing in the LTG -GaAs layer. The com ponent is located in a laser cavi ty , in
whi ch i t serves both as the 100% mirro r of the cavi ty and as satura ble absorber
component: SESAM m ode-locked laserscan produce pul sesof lesstha n 10 ps dura-
ti on [106]. Besides SESAM, LTG -InG aAs layer grown on to p of a Bra gg reÛector
as a part of anti resonant structure was used in the realizati on of an ul tra fast
al l -opti cal swi tch [107]. Al tho ugh in majori ty of such e˜o rts the e˜ect of opti cal
nonl ineari ty in LTG materi al shoul d be enhanced by placi ng thi s layer into an in-
terf erometri c structure, even a free-standi ng LTG -GaAs layer was al ready success-
ful ly used for achi eving of the mode-locki ng in a laser [108]. Ano ther prospective
Ùeld for nonl inear opti cal appl icati ons of the non-sto ichi ometri c semiconducto rs
is concerned wi th photo refracti ve devi ces expl oi ti ng ul tra fast recha rging of the
deep centers in the band gap [15]: am ong others, four- wa ve-m ixing and dyna m ic
holography experim ents have been reported [15].

One has to point out tha t the physi cal characteri sti cs of LTG -GaAs and
related materi als relevant for the opti cal devi cesare by far lessstudi ed as com pared
wi th the materi als used for the m anufa cture of photo conducti ve swi tches. Growth
of LTG m ateri als wi th band gap smal ler tha n in GaAs is one of the key problems,
but there are large uncerta inti es regardi ng nonsatura ti ng opti cal losses and tra p
emptyi ng ti mes tha t have to be solved.

Ul tra fast opto electroni cs is a very interesti ng area of research. The opti cal
generati on of sub-pi cosecond electri cal signals has opened the Ùeld to num erous
appl icati ons, f rom fundam enta l sol id state physi cs, to ul tra f ast electronics and bi -
ological studi es. The last decade has lead to pro dig ious progress, and nowadays
sub- picosecond electri cal pul ses are comm only generated by m any groups. Pho-
to conducti ng switches are sti l l the m ost e£ cient devi ces, but they are com peti ng
by al terna ti ve techni ques, l ike electroopti cs, and thus i t is necessary to im pro ve
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the perform ance of such ul tra fast swi tches. Thi s can be achi eved by growi ng engi-
neered m ateri als, in whi ch al l the carri er dyna m ics and opto electri cal param eters
are well contro l led. W orks perf orm ed on LTG -GaAs and related com pounds are a
ni ce exam ple of how the m ateri als can be adapted to the devi ce requi rem ents and
how they can be engineered.

The progress of ul tra fast opto electroni cs wi l l certa inly fol low three com ple-
m enta ry ways:

| The fabri cati on of compact systems using laser di odes, whi ch wi l l al low
\ m ass-pro ducti on" at real istic costs and thus developm ent of appl icati ons for the
consumers.

| The m anuf acture of very hi gh perf orm ance system s tha t include basic
components l ike ul tra fast photo swi tches. T erahertz or tera bi t/ s opto electro nics
ci rcui ts (sam ple and hold circui ts [109], logical gates [110, 111], tera bi ts/ s dem ul-
ti plexi ng modules [112]) have al ready been m ade and tested.

| The design of new ul tra fast com ponents, based on magneto opti c
e˜ects [113] or on spin-polari zed electri cal tra nsport [114], opening the door to
\ spi ntro nics".

It is expected tha t the 100 femto second thresho ld wi l l be broken duri ng the
next decade, and tha t components wi l l del iver electri cal tra nsients of a few tens
of femtosecond dura ti on. No doubt tha t ul tra fast opto electro nics wi l l conti nue to
pro duce am azing results for several years!
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