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Demonstration of Si homojunction far-infrared detectors
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A 48 um cutoff wavelength X.) Si far-infrared (FIR) detector is demonstrated. Internal
photoemission over a Si interfacial work-function of a homojunction consisting of molecular beam
epitaxy grown multilayersg® emitter layers and intrinsic layeris employed. The detector shows
high responsivity over a wide wavelength range with a peak responsivity of-TRI3A/W at 27.5

wm and detectivityD* of 6.6x10*° cm\/Hz/W. The \. and bias dependent quantum efficiency
agree well with theory. Based on the experimental results and the model, Si FIR detectors
(40—200.m) with high performance and tailorable.;s can be realized using higher emitter layer
doping concentrations. €998 American Institute of PhysidsS0003-695(98)03818-3

High performance far-infrare@40—-200 um) semicon- band and the conductidwalence band or interfacial barrier
ductor detectors as well as large focal plane arrays are rdsetween the intrinsic layer and the Fermi level in the emitter
quired for space astronomy applications, such as NASA'sayer as defined befotédifferent from the vacuum level to
Space Infrared Telescope Facili§IRTF program! Present  Fermi leve). One of the unique features is that, in principle,
far-infrared (FIR) detectors used or under development forSi FIR detectors can be designed with arbitrary long
that wavelength range are extrinsic Ge photocondudgtors  since A can become arbitrary small with increased doping
stressed or stressédand Ge block-impurity-bandBIB) concentrations. Here the realization of this novel Si HIWIP
detectors nevertheless, there are many technological chalFIR detector is reported with doping concentration below the
lenges for fabricating large format arrays in germanfum. Mott transition concentration as the foundation towards
Since almost all the circuit components are fabricated usingchieving\.~200 um Si HIWIP detectors.
mainstream Si technology, incorporating different compo-  The sample was grown by molecular beam epitaxy
nents in a single chip to fabricate an integrated cird@ is  (MBE) at 700 °C onp-type S{100 substrate with resistivity
a major advantage of using Si. In addition, high uniformity of 18—22 ) cm. The MBE epilayers consist of a 7740 A
and advances in monolithic integration technology of Si carbottom contact §* *) layer, a 3870 A undopetil layer, 10
play an important role in developing focal plane arrays.periods of 645 A emitter{™) layers and 1290 A undoped
However, at present, no Si FIR detectors exist that can opayers, and finally, a 3870 A top emitter layer and a
erate effectively beyond 4@m at low background.Re- 5160 A top contact layer as shown in Fig. 1. Multilayers
cently, an analytical model was preseritéat Si homojunc-  were used to increase the quantum efficiency due to the in-
tion interfacial work-function internal photoemission creased photon absorption efficiency and possible photocur-
(HIWIP) FIR detector, which shows high performance and
tailorable cutoff wavelengtih.. The main significance of

this detector concept is in establishing a technology base for Metal
the evolution of high performance, large area, uniform detec-
tor arrays using the well established Si growth and process- ~ 1000 A

ing technology. , -
The basic structure of HIWIP detectors consists of a

heavily doped emitter layer and an intrinsic layer across

which most of the external bias is dropped. The detection

mechanism involves infrared absorption in the emitter layer

followed by the internal photoemission of photoexcited car-

riers across the junction barrier and then collection(m)

is defined as 1.24/ (eV), whereA is the work functiorf

Depending on whether the doping concentration is below or undoped substrate

above the metal-insulator transiti@Mott transition) value,

the work function is the energy gap between the impurityFIG. 1. Schematic of the-Si multilayer HIWIP detector after device pro-
cessing.p™ ", p* andi are the contact layer, emitter layer and undoped
layer, respectively. A window is opened on the top side for frontside illu-
¥Electronic mail: phyuup@panther.gsu.edu mination.

~multilayer
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uct g (*) and detectivity(open circles The solid curve forpg gives the
FIG. 2. Spectral response pfSi HIWIP FIR detector measured at 4.2 K calculated results. The inset shows thers the concentration estimated by
under different forwardtop positive biasV,, (a) 0.377 V,(b) 0.539 V, and the TB model(solid curveg, and an experimental point indicated by a solid
(c) 0.791 V. A peak responsivity of 12.3 A/W is observed at 2% in circle.
curve (c). The spike responses are associated with excited impurity states

with the theoretical energy levels marked by arrows. The other minor fea- L . . .
tures are due to the instrument response function against which the detectB?SponSN'ty obtained here is 12.8.1 A/W at 27.5um (in

output was ratioed. The inset shows the dark curtgns V,, of the detector ~ the flat region, and 20.8:0.1 A/W at 31.4um (in the spike
at4.2 K. region. Hopping conduction can be clearly seen in the/
data in the inset of Fig. 2, where the dark current increases
rapidly with bias above 0.75 V. Since this is independent of
photon flux and can reduce the sensitivity of the detector, the
discussion is limited to the results of the flat region of the
response and low bias case.

The current responsivity is given by

rent gain enhancemeniThe emitter layers were doped with
Boron to 2.0 10 cm™3. The top and bottom contact layers
were doped to 210 cm 3, above the Mott transition

value of 1.4% 10'° cm™2 for p-Si° to ensure an ohmic con-
tact. Thickness and the concentration control of MBE growth
is confirmed by the spreading resistance measurements. The R=q»ng/hv, (1)
contact was formed by deposition of Al and the optical win-

dow area f,) is 260x 260 2. The p-Si HIWIP FIR de- wherey is the quantum efficiency arglis the photoconduc-

. tive gain. The effective quantum efficiency is a product of
tector was characterized by current—voltage\{) measure- Cé)llection efficiency f,, coming from absorption and dif-

ments and photoresponse. The responsivity was obtained . . 2 X )
using a Perkin—Elmer, system 2000, Fourier transform infrae_fusmn of carrier of holes flowing intoi region and barrier

red spectrometgFTIR) and a Si composite bolometer as thetunnehng probability ¢y):
reference. 7= Np.- (2

Figure 2 shows the spectral response at 4.2 K measuref:ine collection efficiency can be estimated by taking into

2;n?'flfngt fgévlar(;icttslzarﬁes_t:]orr]_ tzereio-cl)?é@rit& 'gclj\:)\/tf'ne d account the absorption in emitter layers and the transport
pie. A w pectrum with hig ponsivity 1 : ‘probability determined by the diffusion length. By assuming

The long taylmg behavior in t_heilong wavelength r.e.flects thea constant absorption coefficieatand a constant diffusion
nature of internal photoemission. The responsivity has

strong bias dependence, increasing significantly with increafilength Ly (typically 10002000 A for an emitter layer of

) . ) . . L Ihicknessd with 2(N+1) optical passes due té-layer struc-
ing bias. However, the bias cannot increase indefinitely a; ures, . can be written ag:

the dark current also increases with bias. The spectral re-
sponse at reverse biases is similar to that at forward biases. 7.={1—exd —2(N+1)ad]}exp(—d/Ly)

It is noted that several spikgassociated with excited _
impurity statey appear in the spectra under high biases, ~2(N+1)ad exp—d/Ly), 3)
which becomes stronger with increasing bias. At low biaseswhile the tunneling probability is given by assuming a trian-
the photoconductivity is due to the usual photon capture byular barrier:
the impurity states, wherk. of the response is determined -
by the energy gap. At high biases, under suitable doping exp{ _ 4y2m;i (AE,) }
concentration where the wave function of excited impurity ’

states overlaps, the onset of hopping conduction is observqﬂherem* is the tunneling hole effective masaE, is the
due to the charge transpdliy charge hoppingamong ion- offset ofhthe valence band edge of thé-i interfacé and~
ized dopant sites. The recombination process mainly displayg yq ejectric field across the intrinsic region. Thé peak ab-
the capture of carriers by excited impurity states back tosorption coefficient can be obtained by=N,- o, where

grO‘.“T‘d states., resulting in the Iong.eds. The sp|ke_response. a, is the peak photoionization cross section given by
positions are in good agreement with the theoretical energies

of transitions from the ground states to the fi&P,), sec- 1 3.52x10°Y

ond (3P,) and third(4P,) excited statesmarked by arrows Up:\/_—‘ T(sz)' )

in Fig. 2.” The )\ is 48 um at low biases, increasing to €s ¢

around 91um at a bias of 0.791 V. The level where the Figure 3 shows the bias dependent peak quantum efficiency
signal reaches the noise lev&tandard deviation of the and gain productyg (asteriskg at 27.5um. The maximum
curve of the spectrum is determined as.® The highest 7g of the present detector is 0.56. It can be seen that the
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above model agrees well with the experimental results with/Hz/w at 4.2 K under a bias of 10 mV. These preliminary
the following fitting parametersAE, = 2.55 meV andy =  responsivity resultéresponsivity of 12.3 A/W andy of 5.2%
10.8. at 27.5.m shown in Figs. 2, Bare comparable to the per-
Boron is a substitutional acceptor in silicon with an en-formance of ZOQLm Ge:Ga photoconductor Operated at 3.0
ergy level €x) of 44.4 meV at low concentrations. How- K2 with a responsivity~5.2 AW and7~7.7%. TheA can
ever, at higher doping concentrations, of the detector can pe easily decreased by increasing the doping concentration
be controlled by the doping concentration, since the impuritysee the inset in Fig.)3resulting in longei .s. Furthermore,
band broadens with increasing the doping concentration an)qC can be arbitrary long with doping concentrations above
its peak density of state moves towards the valence bangott transition value, where the IR absorption is mainly by
rapidly® The dependence af on the concentration can be free carrier absorption. Based on the modeling reSutie
estimated by the tight bindin@fB) approach when the con- strong free carrier absorption in silicdhour high perfor-
centration is below Mott transition value, as in the case heremancep-GaAs (\.=100 um) HIWIP detector resultg and
by A = E5—BW, where BW is the band widthThe valence  the present experimental results in Si, we believe that high
band shift due to band gap renormalizatidess than 1.0 performance, tailorable., Si FIR detectors(40—200 xm)
meV) can be neglected atF4.2 K. Above the Mott transi- can be realized using higher doping concentrations.
tion, A can be estimated by a modified high dengitiD) In summary, we have experimentally demonstrated for
theory?*° The TB model, with the assumption of a random the first time the novel Si HIWIP FIR detector concept using
spatial (Poisson’s distribution of acceptors, gives the total MBE grown Sip*-i multilayer structure. Preliminary results
impurity bandwidtf obtained are promising and show thmSi HIWIP detectors
with their unique features, have great potential to become a
BW=2|<J(R)>|= Zf J(R)4mN,R? competitor in FIR applications. Further work is under way to
design and fabricate high doping concentration Si detectors
drR (6) and compare the experimental data with the modeling results
to improve the detector performance.
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