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ABSTRACT: Midinfrared plasmonic sensing allows the direct targeting of
unique vibrational fingerprints of molecules. While gold has been used
almost exclusively so far, recent research has focused on semiconductors
with the potential to revolutionize plasmonic devices. We fabricate antennas
out of heavily doped Ge films epitaxially grown on Si wafers and
demonstrate up to 2 orders of magnitude signal enhancement for the
molecules located in the antenna hot spots compared to those located on a
bare silicon substrate. Our results set a new path toward integration of
plasmonic sensors with the ubiquitous CMOS platform.
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Localized plasmon resonances are nowadays recognized as
one of the most powerful mechanisms to boost the

interaction between light and matter at the nanoscale. In this
frame, recent plasmonic research has searched for novel
material platforms, which can improve the quality and
integrability of plasmonic interfaces and devices.1 The choice
of the material can impact the crystalline and nanofabrication
quality of the device, the spectral range of operation, and the
amount of loss. The crucial issue for the future use of
plasmonics in everyday applications, however, is the integration
with the Si-complementary metal-oxide semiconductor
(CMOS) technology process. This is difficult to foresee using
the most common metal in plasmonics, gold, due to it being a
deep level impurity and a fast diffuser, which is incompatible
with silicon technology. Among all applications of plasmonics,
molecular sensing has already made its way to the market.
Plasmonic sensors can be based on refractive index variations at
the metal surface,2,3 on the local enhancement of the electric
field for Raman spectroscopy,4,5 or on the modification of the
engineered transmitted or reflected wavefront in antennas by a
resonant molecular vibration in the mid-infrared (IR).4,6−16 In
the past few years the latter approach, mainly pursued with the
nanofabrication of gold antennas, led to reported signal
enhancements exceeding 3 orders of magnitude for the material

located in the antenna hot spots compared to the material
outside the hotspots.
While metals are the most natural choice for visible and near-

IR plasmonics, it has been suggested that heavily doped
semiconductors (i.e., degenerately doped to be metallic) could
replace and, possibly, outperform metals in the mid-IR
frequency range.1,14−25 The envisioned advantages for
plasmonic device design include (i) the low absolute values
of the dielectric constant in the mid-IR, strictly resembling that
of metals in the visible and near-IR range but without the
detrimental effect of interband transition losses, (ii) the high
material quality, thanks to single-crystalline epitaxial growth,
(iii) in the case of foundry-compatible group-IV semi-
conductors like Si and Ge, the potential for on-chip integration
of antennas, detectors and readout electronics, all fabricated in
a single cost-effective silicon foundry manufacturing process,
and (iv) the possibility of active electrical and/or optical tuning
of the plasmonic effects by the control of the doping level. The
onset of the plasmonic behavior of a conducting material is
marked by the so-called plasma frequency ωp, i.e., the frequency
below which the real part of the dielectric constant of the
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Problems	with	current	n+	layer	

3	

Thermal	diffusion	of	lithium	is	not	a	saHsfying	technique	for	
n+	 layer	 formaHon,	 due	 to	 Li	 high	 diffusivity	 in	 Ge	 at	 low	
temperature:	

D	(350	°C)Ge	=	2.3x10-7	cm2s-1	

§  Too	thick	(600	μm)									DEAD	LAYER!	
	
§  Li	migraHon	also	at	room	temperature	prevents:	
	

	-		high	T	damage-recovery	annealing	
	

	-		durable	and	fine	segmentaHon	on	n+	contact	

Find	a	different	technique	for	n+	layer	forma4on	
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Requirements	for	a	new	n+	contact	
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EF	

n+	
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EV	

e-	

h+	

•  High	doping	
concentraHon	to	enable	
electron	tunneling	≈	1019	
cm-3	

	

•  Barrier	height	for	hole	
blocking	ΦB

h	≥	0.7	eV	
	

•  Thickness	≥	100	nm	to	
compensate	HPGe	
depleted	charge	

Tunnelling 
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Sol-gel	deposiHon	and	spin	coaHng	

Substrate	cleaning	and	preparaHon	

Curing	of	the	film	on	a	hot-plate	

Annealing	in	furnace	for	dopant	diffusion	

Removal	of	the	glassy	film	
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Spin-On-Doping	from	P-containing	sol-gel	
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RelaHve	humidity	effect	–	Surface	corrosion	
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Ge	surf.	
RH	50%	

RH	30%	

RH	7%	
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October	4th	2016	 1st	PSeGe	Detectors	technology	and	applicaHon	Workshop,	CSNSM	and	IPNO,	Orsay	

If	the	SOD	film	absorbed	water:	
	

•  Cracks	in	Ge	surface	(RH>30%)	
	

•  Ge(s)	+	H2O(g)							GeO(g)	+	H2(g)	



Four	point	probe	electrical	measurements	
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VDP	configuraHon											Rsheet	 Hall	configuraHon											dose	

n+	layer	

p	bulk	
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Curing	t	and	T	effects	(tests	on	microel.	Ge)	
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FTIR	spectra	on	P507	films		

SIMS	profiles	of	diffused	P	 Sheet	resistance	and	mobility	

Curing	4me	 %	Si	 %	O	 %	P	 %	Ge	

15	min	 20	±	1	 68	±	2	 7	±	2	 4.7	±	0.5	

30	min	 21	±	1	 64	±	2	 11	±	2	 4.3	±	0.5	

120	min	 18	±	1	 68	±	2	 6	±	2	 5.0	±	0.5	

Rutherford	Backscanering	Spectrometry	(RBS)	
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Tuning	the	juncHon	and	test	on	HPGe	
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SIMS	profiles	of	diffused	P	 Sheet	resistance	and	mobility	 e-	Hall	dose	vs.	SIMS	dose	

HPGe	
Rsheet	[Ω/sq.]	 40	

dose	[cm-2]	 -2.8x1014	

μ	[cm2/Vs]	 572	

The	technique,	opHmized	for	μ-electronic	Ge,	
has	been	applied	to	p-type	HPGe,	with	the	
following	annealing	treatment:	
	

•  spike	annealing	up	to	610	°C	in	12	minutes	

[V.	Boldrini,	Applied	Surface	Science	(2016)	in	press]	
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Conclusions	

•  Spin-On-Doping	can	be	effecHvely	applied	to	Ge.	
	

•  Due	to	the	reacHvity	of	Ge	surface	when	exposed	to	heat	or	
humid	environment,	the	opHmizaHon	of	a	process	protocol	
was	necessary	and	has	been	achieved.	

	

•  Homogeneous	 phosphorus-doped	 layers,	 characterized	 by	
high	concentraHon	([3-6]x1019	cm-3	à	ΦB

h	=	[0.69-0.72	eV])	
and	 tunable	 thickness	 [100	nm-1	μm]	have	been	produced	
in	Ge.	

	

•  The	technique	turns	out	to	be	applicable	also	to	HPGe	and	a	
first	doped	layer,	electrically	acHve,	has	been	obtained.	
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Outlooks	

•  Further	tests	on	HPGe	(probing	other	spike	annealings	and	
performing	SIMS	measurements).	

	

•  FabricaHon	of	flat	diodes	on	HPGe	wafers	of	n-	and	p-type,	
by	subsHtuHng	Li	with	P.	

	

•  Test	 the	 operaHon	 of	 these	 diodes	 at	 LN2	 (77	 °K)	 and	 try	
them	as	detectors.	

	

•  Work	on	the	segmentaHon	of	the	phosphorus	contact.	

15	October	4th	2016	 1st	PSeGe	Detectors	technology	and	applicaHon	Workshop,	CSNSM	and	IPNO,	Orsay	

n+	
p	

p+	

Vd	



Thanks for 
your 

attention! 
virginia.boldrini@phd.unipd.it 
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