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ABSTRACH

L.ong vavelength Sig., Ge, /Si heterojunction intesns! photocmission (B1) infrared detectons have been suceessfolly
demonstrated utilizing the prowth of depencratcly boron doped Sig.y Gey layeis on Sic Recently, Sig yGeg 3/86 BIP
datectors with cither & Sijo,Gey, sinple Tayer o 8 Si1.5,Ge /81 molti-Tayer have been demonstiated with catofl wavelengihs
00l 10 23 pi, Near-ideal thenmionic cmission Gad conent chivactenstics were measued and the clectical potential bauicts
waie determined by the Richmdson plot. A photoresponee model, similar to the motificd Fowler Yguation has been
daxveloped for the 81,5, Gey /S heterojunction internal photocmission (H1P) infrared detector ot wavelengihis conesponding, to
photon cncrgics less than the Fermi encrgy. ‘The optics) potential baicrs, the conesponding. entoff wavelengihs, and the
cmission cocfhicients, Cq, for the BIP detectors have been detenmined from the measored spectial 1esponses using the
photoresponse mogdel, Similar optical and thennal potential baicrs were obtained.

LINTRODUCTION

Cutrently, the 1iSi Schotivy infrared (IR) detecton of fers foral plane anays (FIPA) with the Jarpest avay dimension and
the bestuniformity due to the supenor matenal properiies of Siand the mature Si-based processing, technolopics1, Howeve,
PUSi EPA's ane limited to MWIR applications duc to the 5.1-5.9 p cutoff wavelength, given by Ac: 124/, wheie ¥ - 027

¢V ois the Schotiby banicr of

PiSi on piype Sio I 1971,

, Shepherd ¢t all proposed a

scmiconductor  internal

photocmission JIR delector

vhich a¢place the silicide

clectrode of the Schottby 1R
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Figaie 1 1ne schematic cross seetion (@) and the band diagaran (b) of the Siy_, Ge, /Si A ptype  SiGe/Si

HIP detecton heterojunction  internal

photocimission (HI1P) detecton

bascd upon the proposed

datecton idea was fust demonstiated in 1990 by "1, Lin et al. vtiliving the advanced low-tempciature moleenla beam epitany

(MBI techinology for the growth of thin, degencrately doped single- crystalline SiGe layers on SidA e SiGessi Hip

deteetor ulidized the SiGe/Si valence baud offset as the potential banier for the inteanal photocinission of the photo-excited

holes gencrated in the degencrately-goped Sij.,Gey, clectrode. The schematic cross section of the SipaGe, /S BIP detector
and the band diagiam are shown in Fig, 1 () and (b), 1espectively, The effective potentinl batie is given by
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where Abiy is the valence band offset between 8135, Gey, and Sioand Vi is the Feami encigy in the SiqGey, layer, ‘The
Siy Gy /ST valenee band of fset incicases with the Ge compasition x of the SifaGey layas.



1.0 I L T e T hr the degenciately doped Sipa, Ge, clectrode, the
frce-canicr absorption is the dominant mechauism for the
gencration of the photo excited holes?, The fice canicr
absorptance A incrcases with the incrcasing canic
[B): & 1070 ¢y 3 concentration and the increasing, 4.._N.§.._2;..:_.w. and i< given
R ~.v.
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vheie & snd b ae constants and N is the dopiug
concenbation. Fipue 2 shown the absorption of & 45- -
thick SiGep 3 layer with [B]: 52 1070 conr3, Duc to
the degencrate doping concentration, strong, absorption was

0.0 LI Cor obscived which incicases with incicasing wavelength,

0 4 & 17 16 vhich is benehicial for LWIR detection, and satwrates in

the long wavelength region,  The depencrate doping,

concentration requited for strong IR absorption 1esults in

Figure 2. 1he absorptance measwied by FIIR of a 45 nm 1clatively large Fenmi encrgy Fye Consequently, the cutoff
thick Sig 4 Geg g layer with [R)= 52 1070 ¢qr3, vavelengih of the Sip., Gey /S HIP detector can be tiilored
. , by varying the Ge composition snd the doping

concentiation of the 8ig, Gey laye
7. MODE).

The detection mechanism of Siy_,Gey /Si BIP detecton is similar 1o that of PiSi Schottky detector, involving, the
gbsorption of the incident photons in the 8ijyGey, emittes laycr followed by the inteinal photocmission of th photo eacited
holes over the SiGe/Si heterojunction baricr into the i substrated, Howe 1, the spechial 1esponse of the Siy.,Gey/Si 1P
detector differs from that of PiSi Schotiky detector duc 1o the wavelengih-dependent fice-canier IR absorption and the scini-
conductor band stractee in the depencrately doped SiGe Inyer. Incontast to the monotonically decicasing spechial 1esponse

of the PuSi detector, which is given by the modificd Fowles cquation®
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vhere Cp s the Fowler emission coefficient and A is the avelength, the spectral 1esponse of the BIP detector increase
initially with incicasing wavelengih, and then degicases monotonically (o ze10 @t the cotofi wavelength.

Pieviously, a theorcetical model for the intemal gquantum cficiency of the SiyGeg.y/Si P detector was 1eporicd by
Tsawe ef .al.l, 1he model was developed for the 1egion hv >> By, and the wavelengih-dependent absorption was not
considered. Because degencrate boton concenbiations in the SiyGey.x layers ave usually reguited 10 obtain a strong, infrarcd
absorption, the Fenmi encrgics are usually several hundied meV. Thercfore, the previons model can only be applicd in the
shoricr wavelength segime, i.c., for A << 1.24/1;, and is not applicable for the determination of the cutoff wavelength and the
potential baics Y. Bowever, because a fast 1esponse inciease as the vavelength deereases from the cotoff will allow the
detecton to have useful sensitivity near the cutoff, therehy minimizing the extension of the cutofi wav length and associnted
cooling 1equirciicnts, it is imporiant 1o model the detecton 1esponse in the spectial 1egion near its cutoff wavelength (o not
only deteaming the potential batics ¥, but also provide a figure-of-mciit for evatuating the detector peiformanced,

The quantum efficiency (QF) 1 is defined as the 1atio of the collected holes N¢ to the incident photons Np. Under the
Cro-temnperatme approximation, and assuming Yy = 0, N i< given by
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where p(ld) is the probability of emission of photo excited holes over the encigy bauict”, and £(b) is the density of siates,
piven by p(l) = N \/li-liv, where Nis an encigy-independent constant. The analysis will be limited to the case hv < Y-
becanse determining, the optical barics and the spectal 1esponse near the cotoff wavelength are the primany concerns. N is
given by

for hv 2 Vo, “)
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where Ais the absorptance  and Ny is the numbe of photo excited holes. Theseloe, 3 is given by
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The sbsotptance A is yelatively wavelength-independent in the Tong wavelenpgth region as shown in Fig, 2. Therdlone, Yiq. 6
reduces to the well-known Fowler equation
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and theaesponsivity R is given by
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The dark cunentcharacteristics of the 8iq.y Gey/Si 1 1P detector is thermionic cmissi(mlimilcdM‘,gv_wcuby
1 L0y
10‘4E . , C ‘ Jo: A A% 12 exp (124006 1T), (lo)
0% 10-nm-thick Sig 7Geg i where Ap IS the de.vice acaand A¥¥is (he Richardson
. f constant The cunent noise of the Sip.5Ge, /St HIP detector
Y 406 is dominated by the dartk conicutnoise, given by
-\I -
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L 1077} By = V2 q lo Af, (11)
<
b 8 where Al s the noise bandwidth, Therefore, the detectivity
¢ 1o 1 s given by
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The Sig,7Ge,3/Si HIP detectors weie fabricated

Figwe 3. Plot of J(,/JQ versus 1K forthe Sig 4Geg 4/Si by growing degencrately doped P-UYPC hetero epitaxial
H ’ - s“ iS¢ aycis - ;‘. g .;' ¥ -Lypé S.

NP detector at -0.5 V bias, Si0.7Ge 3 layers on double- side polished p-type Si (100)
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Figute 4. Lxternal guantutn efhicieney vs. wavelength
forthe. single-layes Sig 4 Geg 3/8i 11 1" detector(¢) and

stacked HIP detecton ().

vafcrs by MBE. The Sig 7 Geg 3 laycrs w ere grown at a substeate
temperatur e of 350 “C using elemnental boron as the dopant sour ¢e.

T'he device Stracture incotpor ates pt -substiate contacts and n-type
guard rings which define the periphery of the active device arcas
tosupguessedpe Leakage.

4. DETECTOR CHARACTERISTICS
4.1 Single-laver Sij-xGex/Si HIP detector

Figuie 3 shows the plot o f J(,fl‘7 versus 1ET for the
Sig 7Geo 3/Si BIP detector at -0.8 V bias. Thenmionic-cimission
linited cotent charactetistics were obscived and the thenmal
potential bauier and the Richardson constant A% werc
detcimined to be 0,050 eV and 4.4 Acm?K-2, The ¢ ffeclive
bargict ¥ was siguificantly Jower than the expected Sig.7Ge,3/Si
valenee band offset Aliy (- 0.2 V) duc to the degener ate doping,
concentration which moved the Fermi level below the., valence
band cdge. The external gquantom ¢ fficiency for the Sig 7Geg,3/Si
HIP detector is shown in Fig. 4. The detector was cooled to 30K
and biased a1 -().S V. The spectial response was measued with
fiont-side iNomination vsing a 940K blackbody sOuice. As shown

in g, 4, the QK of Sig 7Ge 3/Si BIE detecton initially incicased with increasing wavelength to ~ 8 % at 4-5 pi and then
decreased. The initint increase o I efficiency o I the Sig 7Geg 3/S | BIP detector resulted fron the incicase of the fice-catica
absorption, as shownin Fig. 1.

Figue S (a) shows the modified Fowler plot ()f/n hv versus by for the Sig 7 Geg 3/Si HIP detector, As predicted by
the. preceding analysis, the plot was lincar for hv < the Feni encagy.  The optical potential bat rici was determined to be
(.05 eV, conesponding, to a cutofl wavelength of 23 . The 0.4 AW Cy obser ved was approximately twice the calculated
value.of (.18 A/W fiom Eq. 8 because the model did not take the scattering of the photo excited canicrs into conside ration,
Flastic scaticring of cmiricts at the SixGe j.y sutface 1edirected the canicrs toward the SiyGe) .x/8i interface, aud thus
incrcased the emission coefficient.

4.2 Stacked 11117 detecton
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Figure 5. Modified Fowles plots of the single-layer H1P detector (@) and the stacked HIP detector (b).




Undoped . - '3 he exted nal quantuwe ¢ fficiency

SR § D of an internal photocmission detector

y ' \ is a product of absorptance (A) in

r \ Si-Substrate Si1.xGey layers and inteinal quantum
\I efficiency (i) which is (lcfim.d as the

KO 1atio of the colleeted holes 1o the photo-

excited holes (ie.., 3= A i) The
internal quantum ¢ fficiency of HIP
’ detectors are Hiited by inclastic hole-
hole and hole-Jhotimi scattering as well
as the mnnber of holes redirected fiom
photo- the Si 1-xGex /ait interface to t h e
excited bolos Si1.xGex/Siinterface. Reducing the
Si1.xGey layer thickness enhances the
intcrnal quantum efficiency since phaoto-
excited holes would suffcu-less inclastic
scat lmiup,g; however, reducing the. Siy.xGex dayes thickness reduces infrared absorption as well. o'bus, the optimal Sig.xGey
layer thickuness is determined by the trade-off between absorption and inteinal quantum efficiency. Oue approach o f
achicving high inteinal quantum efficicncy without losing absorption is by incorporating thin multiple absorbing Siy. xGey
layers which are stacked between Si bargicr s, The schematic cross- section of a stacked Sig.xGey/Si)1 17 detector is illustrated
in Fig. 6. ‘The individual Sig. xGey layer has high i duc to the small thickness and the absorption fiom cach layer
contributes o the total absorption. Furthennore, due to the applicd clectiic ficld toward the Si sabstrate (z-direction)), the
photo-excited hole.s traveling opposite to z-direction will be redirected towar d the Sisubstrate. This will furthes inciease the
inteanal quantum efficiency.

oy

Figuic 6. The band diagram of the stacked Siq.,Ge, /Si BIP detector,

The speetral photorespor ise of a typical stacked BIP detector which consists of three 50 A-thick p -Sig.7Geg 3 layers
which tile.sc,mt11cdiyh 300 A-thick undoped Sidayers is shown in Fig. 4 (). The Ge ('-(m(;cmmli(m and boron concentration
ate 30 % and 4 x10)?0 e, respectively. The active detector arcas arc 1.25 2103 cnr?, e operating temperature and
hiss voltage are 30 K and -0.5 vV (positive 1o the top Sig7Ge 3 layer), respectively.  The detector shows broad
photoresponse which cut off at atround 20 pun . The peak response lies at around 5 pim with 6 % external quantum efficiency.,
Thie response gradually decrcases as the wavelength incicases and a siall butup is observed near 14 . The detector
manifests about 4 and 2 % exterual quantum ¢ fficiencics at 10 pun and 15 pun wavelengths, respectively, This stacked
SiGe/Si BIP detector, in general, exhibits higher guantuin efficiency in the 1.W IR regime (A>10pm) than the single- layer
Si1.,Gey/Si HIP detectors with the same Ge concentiation, doping concentration and Si1.xGex thickness due to the
cihiancement of internal quantuin efficiency, especially in the. long wavelengthregime wheie photo-excited holes have. small
kinctic cnergics 10 ¢1oss over a potential bar icr,

The modificd Fowles plot of the stacked SiGe/Si HIP detector is shown in Fig, 5 (b). Similar to that of the single-layes
SiGe/Si HIP detector shown in Fig. S (a), the plot is lincar for hv << EF (- 0.15 ¢V), and the potential bauier and the
cmission coefficient o £ 0.055 ¢V and 1.4 A/W caun be detesmined, respectively. The higher (g of the stacked SiGe/Si Hip
detector provides a higher response near the cutoff, thereby minimizing the extension of the cutoff wavelength and the
assoc iated cooling requirciients,

4.3 NEAT

The figare of merit, the. noise cquivalent temperatwe diffeicnce NEATIOD (o the Si1-xGey/Si HIP detector can be
calculated from the response model. NEAT fop the Sig ., Ge/Si 1P detector in the 1L.WIR region is given by

NEAT: =, n (13)

[ ARIMD 4,
J dl
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003 | v S S B B B wheie Randiy arc the. curient noise and responsivity, given by
\ Eq. 9 and 1 |, respectively, and M(A) is the blackbody spectral
radiaut emitlance, Pot the background limited NEATR, the
cunent Noise is dominated by the background cut[c.iii, and is
give.11 by
0.02
g -~ ‘-
y Ac
0 . AP AR MQA)AA Al
rd .
0.01 \‘/ NEATR = - \ ;E(}u" (14)
e e, aMQY)
- AR 0 di
Cq=1.38AVW & piin
0.00 AeAd Ao
T8 9 10 11 12 13 14 Figute 7 sShows the calculated NEAT for the Sip.xGex/Si
. § N 111} detector as a function of the cutoff wavelength, assuming
CUTOHFWAVEIENGT + { g (nm) 293K background, a 50 pmi square pixclarca, Af = 60 Hz and

Figurc 7. The calculated NEAT forthe Sij,Ge,/SiHIP {/2 optics at 7= 60K and 65K. The initial decs case of the

* NEAT as the Ae increases from the lower spectral limit of 811111

detector at293K background. is duc to the incr case of the blackbody responsivity, NEAT

decicases as the cutoff increases further duc to the increase of

the thermionic emission datk cunient. Also shownin ¥ig. 7 is the. background limited NEATR, which dominates for Ac
smaller than 10.3 pum and 12.0 pim for 1= 65K and 60 K, 1espectivel .

5. SUMMARY

Both single-laycs and stacked SijxGey/Si 1111} detectors with cutoff wavelengths of ~ 23 pim have been suceessfully
demonstrated with thermionic emission limited dark cunent characteristics. A HIP photoresponse model, similar to the
maudified Fowler Equation was developed for wave.lc.ll~lhs concesponding to photon enet gics less than the Fermienergy and
agreed with the 11 IP detector spectial sesponse in this wavelength region. A significantly improved Cy was obtained for the
slacked 111 J deteciol due, to the. more efficient collection of the photo-excited holes, compared to the. single-layer 1111
(teteclor.
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