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Motivation: Thermal Accelerometer 

!!

II A Statement of Work 

Stanford offers to develop and demonstrate a novel high-bandwidth thermal accelerometer using Atomic 
Layer Deposition (ALD) to meet the goals of the DARPA PRIGM-AIMS program, as described in 
DARPA BAA-15-38.  This project is inspired by prior R&D over an extended period, resulting in the 
MEMSIC Thermal Accelerometer products, and by the more recent development of ALD methods for 
fabrication of ultra-thin freestanding structures, funded at Stanford by the DARPA N/MEMS S&T 
Fundamentals program.  We will leverage existing expertise and infrastructure, and offer a focused 
effort to demonstrate fundamental characteristics as needed for this program as well as a complete 
device directed towards the goals of this program.  All tasks are to be carried out entirely by our team at 
Stanford University.   

The complete design of our proposed 
device is shown in Figure II-A.1 to the 
right.  In our preliminary design 
represented by this figure, we will suspend 
ultrathin structures acting as heaters and 
thermometers over a gas-filled cavity.  The 
initial design of this structure features a 
cavity that is 2mm x 1mm and 1mm deep, 
filled with air at atmospheric pressure for 
simplicity.  The suspended structures are 
1mm long, 30 nm thick, and consist of Pt 
freestanding films encapsulated in 5nm 
ALD alumina films, with this 3-layer structure formed by Plasma-Enhanced ALD.  For these 
dimensions, and with operation the central heater with power of 45 mW, we expect to achieve a peak 
steady-state temperature rise of the suspended heater of 300C.  Acceleration in the direction 
perpendicular to the suspended films causes a displacement of the heated region of the air, leading to a 
differential temperature change in the adjacent thermometers, which are expected to be capable of 
detecting temperature changes below 0.001C.  Based on a detailed finite element analysis of the 
convective and conductive heat transfer developed to support this proposal, we expect that this 
preliminary design will be capable of detecting acceleration changes below 0.01g, which is approaching 
our Phase 1 resolution target.  Starting from this initial result, we can improve the performance by 
increasing the pressure, reducing the cavity dimensions, and by modifying the placement of the heater 
and thermometers.  Importantly, we plan to depart from the “standard” DC-biased operation of this 
device with a novel AC modulation of the central heater, enabling a 3-w measurement method to be 
applied to the detection of temperature changes in the suspended structures.  AC modulation is well-
known to eliminate many errors associated with 1/f noise and drift in the device and in the electronics, 
and is a preferred approach for thermal property measurements.  Based on detailed finite element 
modeling and preliminary calculations detailed below, we expect a 100X improvement in the 
resolution and the bandwidth of the device through this modulated operational approach, which brings 
the performance into within reach of the final program goals for resolution. 

Figure!II)A.1!!Illustration!of!the!ALD!Thermal!Accelerometer!

!!

to the prominence of conduction compared to convection resulting in a more symmetric temperature 
profile rendering the temperature difference, δT~ constant.   This could be also due to the numerical 
error (node shift) resulting from subtracting large temperature values that are differ by 0.01-0.001 K.   

We will investigate this by means of more accurate simulations and experimental verification. 

Full CFD 3D simulations should be considered for the calculations of the thermal accelerator bandwidth, 
however, conducting transient simulation was not simply feasible due to time constrains.  Fortunately, 
The output voltage of the accelerometer for a given acceleration, V/g, defined as sensitivity.  The 
changes in electrical resistance, ∆R, of a platinum metal bridge is given by ∆R=R0 (1+ γ δT ) where R0, 
electrical resistance at 0oC and γ is the temperature coefficient of resistance (TCR) ~ 0.002/ oC [7].   For 
conventional thermal accelerometers, Mailly [6]  reported an equivalent acceleration noise ~3×10-3g 

!

Figure!II)C.1.5:!Simulated!differential!temperature,!δT!,!for!one!heater!and!two!thermometer!pairs!(1H)2Ts)!
and!heater!temperature!difference,!∆T,!for!a!single!heater/thermometer!!(1H/T)!configuration.!!The!
estimated!bandwidth!for!1H)2Ts!configuration!is!about!50!to!500!Hz!for!cavity!dimension!of!~!1000!to!300!
µm,!respectively.!The!sensitivity!of!the!1H/T!configuration!is!much!smaller!than!that!of!1H)2Ts!but!the!
bandwidth!can!be!improved!by!an!order!of!magnitude!~!2)5!KHz.!
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•  Central	heater	creates	hot	air	“bubble”	
•  Accelera:on	causes	bubble	to	move	i.e.	
asymmetry	in	temperature	distribu:on	

• Measurable	ΔT	between	thermistors	at	equal	
distance	from	heater	

• No	movable	parts	
•  Logarithmic	sensi:vity	scaling	
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Metrics for this project 

Metric Phase 1 Phase 2 Phase 3 

ALD Resistance and 
TCR Stability 

0.1% over 1 month, 
100 cycles -40 to +80 

50ppm over 1 month, 
1K cycles -40 to +80 

5ppm over 1 month, 
10K cycles -40 to +80 

Bias Stability  1000 µg @1S 100 µg @1S 30 µg @1S 

Bias Stability  1000 µg @1000S 100 µg @1000S 10 µg @1000S 

Scale Factor 
Repeatability 

100 ppm 10 ppm 1 ppm 

Bandwidth 100 Hz 1kHz 5kHz 

Resolution (@1S) 1000 µg 100µg 10µg 

 

The Deliverables to DARPA under this program include 

• Quarterly technical progress reports, on or before the end of the last month of each quarter of the 
program (Month 3, Month 6, …etc).  These reports will include all reviews of fabrication and 
testing status, as well as results from all device performance and operational stability tests. 

• Presentations at regular DARPA PI Meetings (expected twice annually) 
• Phase 1 Hardware Delivery : Before the end month 16 of Phase 1, Stanford will provide at least 

6 accelerometer test structures with accompanying PCB electronics and operating instructions 
made to be compatible with DoD-specified Universal Test System (UTS) to DARPA.  Stanford 
will work with DARPA to enable operation of the test structures, and to interpret and validate 
test results.  This testing is expected to include high-g test experiments and other extreme 
environment tests that are unavailable at Stanford, or too expensive to consider constructing at 
Stanford. 

• Phase 2 Hardware Delivery : Before the end month 10 of Phase 2, Stanford will provide at least 
6 accelerometer test structures with accompanying PCB electronics and operating instructions 
made to be compatible with DoD-specified Universal Test System (UTS) to DARPA.  Stanford 
will work with DARPA to enable operation of the test structures, and to interpret and validate 
test results.  This testing is expected to include high-g test experiments and other extreme 
environment tests that are unavailable at Stanford, or too expensive to consider constructing at 
Stanford. 

• Phase 3 Hardware Delivery : Before the end month 12 of Phase 3, Stanford will provide at least 
6 accelerometer test structures with accompanying PCB electronics and operating instructions 
made to be compatible with DoD-specified Universal Test System (UTS) to DARPA.  Stanford 
will work with DARPA to enable operation of the test structures, and to interpret and validate 
test results.  This testing is expected to include high-g test experiments and other extreme 
environment tests that are unavailable at Stanford, or too expensive to consider constructing at 
Stanford.  

• Must	be	able	to	sense	very	small	(<0.001	°C)	temperature	differences	
	

•  		

•  Figure	of	Merit:		
• MaPheissen’s	Rule:		
•  Simplified	Figure	of	Merit:													 	 									(assume																								)	

TCR =
1
ρ

dρ
dT

    [ppm/°C] Resistance Stability = Δρ
ρ

   [ppm]

ρ = ρl (T )+ ρd
Resistance Stability / TCR   [°C]

Δρ    [µΩ⋅cm] dρl
dT

= const



Why Sputtering? 
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Tunable	Process	Parameters:	

ALD	 e-beam	Evapora/on	 Spu3ering	
Temperature	[C]	 Beam	Current	[mA]	 Power	[W]	
Exposure	Mode?	 Sweep	Speed?	 Pressure	[mTorr]	

Temperature	[C]	
Substrate	Bias	[V]	
DC	vs.	RF	Power	

Pt	Bulk	Resis:vity:	10.4	uOhm*cm	
	

Resis:vity	from	Standard	Recipe	Deposi:on:	

ALD	 e-beam	Evapora/on	 Spu3ering	
14	uOhm*cm	 17	uOhm*cm	 20	uOhm*cm	

Only	in	
Lesker	
Spu/er!	



Experimental Approach – DOE 
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N
um

ber	

DC/RF	

Pow
er	

Pressure	

Tem
perature	

Substrate	Bias	

1	 DC	 -	 -	 -	 -	
2	 DC	 -	 -	 +	 +	
3	 DC	 -	 +	 +	 +	
4	 DC	 +	 -	 +	 -	
5	 DC	 +	 +	 -	 -	
6	 DC	 +	 +	 -	 +	

1)  For	each	parameter	set,	do	test	deposi:on	to	determine	growth	rate	
2)  Using	that	rate,	aim	for	30	nm	thickness	on	oxidized	Si	wafer	

N
um

ber	

DC/RF	

Pow
er	

Pressure	

Tem
perature	

Substrate	Bias	
7	 RF	 -	 -	 -	 -	
8	 RF	 -	 +	 -	 +	
9	 RF	 -	 +	 +	 -	
10	 RF	 +	 -	 -	 +	
11	 RF	 +	 -	 +	 +	
12	 RF	 +	 +	 +	 -	

Low	/	high	values:	
	

•  Power	
Low:	70W	DC,	40W	RF	
High:	4x	Low	
	

•  Pressure	
Low:	2	mT	
High:	30	mT	
	

•  Temperature	
Low:	no	hea:ng	
High:	270	C	
	

•  Substrate	Bias	
Low:	0	W	
High:	40	W	(~125	V)	



Experimental Results 
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N
um

ber	

DC/RF	

Pow
er	

Pressure	

Tem
perature	

Substrate	Bias	

ρ	[μΩ
*cm

]	

Δρ	[μΩ
*cm

]	
(RM

S)	

1	 DC	 -	 -	 -	 -	 19.6	

2	 DC	 -	 -	 +	 +	 13.8	

3	 DC	 -	 +	 +	 +	 14.5	

4	 DC	 +	 -	 +	 -	 15.6	

5	 DC	 +	 +	 -	 -	 94.1	

6	 DC	 +	 +	 -	 +	 41.6	

N
um

ber	

DC/RF	

Pow
er	

Pressure	

Tem
perature	

Substrate	Bias	

ρ	[μΩ
*cm

]	

Δρ	[μΩ
*cm

]	
(RM

S)	

7	 RF	 -	 -	 -	 -	 15.3	

8	 RF	 -	 +	 -	 +	

9	 RF	 -	 +	 +	 -	 13.1	

10	 RF	 +	 -	 -	 +	 15.9	

11	 RF	 +	 -	 +	 +	 14.7	

12	 RF	 +	 +	 +	 -	 12.1	

19.6	

13.8	

14.5	

15.6	

94.1	

41.6	

15.3	

/	

13.1	

15.9	

14.7	

12.1	

2.3E-04	

6.3E-04	

6.8E-04	

1.5E-04	

2.9E-04	

1.7E-03	

4.7E-04	

/	

5.7E-04	

7.6E-04	

5.3E-04	

4.2E-04	

Bulk	Pla:num	(Literature	Value): 	 	10.4	μΩ*cm	
Best	ALD	Film: 	 	 	 	14.1	μΩ*cm					2.0E-04	μΩ*cm	RMS	
Evaporated	Film	(intlvac_evap,	100	nm): 	17.1	μΩ*cm	



Experimental Results – Statistical Analysis 
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•  Lithographically	paPerned	Pt	beams,	0.5-10	um	x	1000-8080	um	
•  4-wire	probed	
•  Resistance	measurement	~	1x	per	second	for	30	min	



Future Work 
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•  Longer	term	resis:vity	stability	measurements,	with	aggressive	burn-in	phase	
•  Analyze	impact	of	thermistor	dimensions	
•  Full	TCR	characteriza:on	

Electrical Testing 

Morphology Characterization 
•  Redeposi:on	of	select	recipes	on	(111)	Si	to	enable	XRD	crystallinity	analysis	
•  AFM	characteriza:on	of	film	roughness	

Process Integration 
•  Can	subs:tute	deposi:on	method	in	Thermal	Accelerometer	Fabrica:on	
Process,	but	need	to	test	adhesion	–	ALD	probably	bePer	

Further Recipe Development 
•  Iterate	around	best	parameter	set	–	try	different	temperatures	and	biases	
•  Test	best	condi:on	on	sapphire	wafer	–	0.6%	lauce	mismatch	with	(111)	Pt	



Part 2: Lessons Learned 
Process and Characterization Debugging 
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Lesker Sputter 
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•  Exis:ng	Recipes	can	do	Deposi:on,	Hea:ng	and	Biasing,	but	not	at	the	same	
:me,	and	they	usually	fail	at	plasma	striking	

• Manually	ac:va:ng	heater	or	bias	while	running	regular	deposi:on	recipe	
NOT	advised	–	will	likely	trigger	interlocks	and	cause	trouble	if	aborted	

•  Developed	our	own	“E241	Ul:mate	Master	Recipe”	that	can	do	everything	

Recipe Writing 

Substrate Heating 
• Max.	800	C,	but	even	at	600	C	awful	base	pressure	(9E-8	->	3E-5	Torr)	resul:ng	
in	oxidized	film:	15%	O	in	XPS	awer	etching	

•  At	400	C,	no	oxida:on	but	will	form	PtSi	on	Si	substrate	
•  PID	gains	are	way	off	

Substrate Biasing 
•  Plasma	flickers	due	to	brushes	losing	contact	when	substrate	holder	rotates	
during	deposi:on	->	workaround	by	lowering	stage	2-3	turns	



Platinum Etching 
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•  Standard	Recipe	in	mrc	Etch	Rate:	8.3	nm/min	
•  Redeposi:on	on	resist	sidewalls	
•  Poor	selec:vity	and	damage	to	underlying	layer	
• Works,	even	for	small	(500	nm)	features	

Ion Milling 

Dilute Aqua Regia 
•  3:1:2	mixture	of	HCl:HNO3:H2O	
•  Self-heats	to	34	C	
•  Literature	Etch	Rate:	3.5	nm/min	
•  Excellent	selec:vity	towards	SiO2	

•  Does	not	etch	Pt	
• …	unless	pre-trea:ng	surface	with	Ar	plasma	or	50:1	HF	dip	
•  Doesn’t	work	for	small	(5	um)	features	due	to	excessive	undercut	



s-neox Step Height 

Engr.	241	Autumn	241	

Company: Stanford
User: Martin Winterkorn  
Version:      SN:350052013
Tue Oct 25 14:57:31 2016

Topography 1360 x 1024 data points
Area: 1.75 x 1.32 mm²
Mon Oct 24 16:03:50 2016

Title:
Comment:
File:
Sample ID:

DOE1_01_center_50mm
(None)
C:\Us...DOE1_01_center_50mm.plu

Cursor: dz = 26.142 nm  dL = 651.45 µm   

Display:
Objective:
Z Scan:
Z:
Scale:
Zoom:

Profile
DI 10X-N
PSI
Non Inverted
rms # 3
1X

Term 3D:
Term 2D:
Filter 3D:
Filter 2D:

Plane 
None 
 None
 None

44.342 nm

-42.746 nm

Profile Parameters Height:
Pa:
Pq:
Pp:
Pv:
Pt:
Ppm:

0.014 µm
0.015 µm
0.021 µm
0.037 µm
0.058 µm
? µm

Spacing:
Sm:
Pc:

0.000 µm
0.000 peaks/mm

Shape:
Psk:
Pku:

0.418 µm
1.375 µm

Hybrid:
Dela:
Delq:

0.000 mrad
0.001 mrad
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•  25%	Varia:on	for	thin	(~30	nm)	films!	

Company: Stanford
User: Martin Winterkorn  
Version:      SN:350052013
Tue Oct 25 14:57:31 2016

Topography 1360 x 1024 data points
Area: 1.75 x 1.32 mm²
Mon Oct 24 16:03:50 2016

Title:
Comment:
File:
Sample ID:

DOE1_01_center_50mm
(None)
C:\Us...DOE1_01_center_50mm.plu

Cursor: dz = 26.142 nm  dL = 651.45 µm   

Display:
Objective:
Z Scan:
Z:
Scale:
Zoom:

Profile
DI 10X-N
PSI
Non Inverted
rms # 3
1X

Term 3D:
Term 2D:
Filter 3D:
Filter 2D:

Plane 
None 
 None
 None

44.342 nm

-42.746 nm

Profile Parameters Height:
Pa:
Pq:
Pp:
Pv:
Pt:
Ppm:

0.014 µm
0.015 µm
0.021 µm
0.037 µm
0.058 µm
? µm

Spacing:
Sm:
Pc:

0.000 µm
0.000 peaks/mm

Shape:
Psk:
Pku:

0.418 µm
1.375 µm

Hybrid:
Dela:
Delq:

0.000 mrad
0.001 mrad



Thickness Measurement on Thin Metal Films 
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s-neox	 alphastep	 AFM	 XRR	 Filmetrics	 woollam	
+	fast,	cheap	 +	fast,	cheap	 -	slow	 -	slow,	pricey	 +	fast,	cheap	 +	fast	

+	non-contact	 -	sample	
contact	

-	sample	
contact	

+	non-contact	 +	non-contact	 +	non-contact	

-	low	temp	
only,	needs	
Kapton	tape	

-	low	temp	
only,	needs	
Kapton	tape	

-	low	temp	
only,	needs	
Kapton	tape	

+	high	temp	
possible,	no	
Kapton	tape	

+	high	temp	
possible,	no	
Kapton	tape	

+	high	temp	
possible,	no	
Kapton	tape	

-	unreliable	
below	100	nm	

-	unreliable	
below	30	nm	

-	always	
unreliable	

-	unreliable	
below	5	and	
above	100	nm	

-	fails	above	
12	nm	

-	fails	above	
12	nm	

-	affected	by	
roughness	

+	higher	
accuracy	vs.	
Filmetrics	

best	in	
most	cases	

best	below	
10	nm	



X-Ray Reflectivity (XRR) 
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Density	

Roughness	

Thickness	

•  Can	be	used	to	determine	the	density,	thickness,	and	roughness	of	film	
•  Limita:ons:	

	1.	Roughness	of	the	film	
	2.	Fails	to	Fit	or	Inaccurate	for	Films	thinner	than	~3	nm	
	3.	Unreliable	Density	Fiung	–	usually	best	to	fix	at	bulk	value	



X-Ray Diffraction (XRD) 
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•  Non-symmetric	Scan	(Glazing	Incident	Scan	/	2-theta)	
	-		Gives	informa:on	about	the	crystallinity	of	Pt	film	
	-		Does	not	give	meaningful	data	FWHM	/	peak	height	data	 omega	

theta	

Mono-
chromator	

Image	from	hPp://prism.mit.edu/xray	
	

2θ(o)	 h	 k	 l	

39.76	 1	 1	 1	

46.24	 2	 0	 0	

67.45	 2	 2	 0	



X-Ray Diffraction (XRD) 
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•  Symmetric	Scan	(Theta-2Theta	measurement)	
	-		Provides	meaningful	data	(e.g.	grain	size,	texture)	
	-		Si	(400)	overlaps	with	Pt	(111)	

Image	from	hPp://prism.mit.edu/xray	
	

Incident	
beam	

omega	

theta	

Mono-
chromator	

						

2θ(o)	 h	 k	 l	

39.76	 1	 1	 1	

46.24	 2	 0	 0	

67.45	 2	 2	 0	

2θ(o)	 h	 k	 l	

69.17	 4	 0	 0	

Pt	peak	
posi:ons	

Si	peak	
posi:ons	



18	
Engr.	241	Autumn	241	

						
X-ray Diffraction (XRD)  

Use	Si(111)	!	



Electrical Measurements 
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•  cascade	
•  IV	measurement	with	Keithley	4200	on	
4-wire	structures	

•  Errors	from	wider	Pt	beams	by	Litho	
and	redeposi:on	

•  prometrix	
•  4-probe	tes:ng	on	unpaPerned	film	
•  Very	consistent	–	average	StdDev	0.5%	

•  cascade	and	prometrix	within	1%	

Room-Temperature Resistivity Temperature-Controlled Setup 
• Wirebonding	-	can	successfully	
bond	to	30	nm	spuPered	
Pla:num	

•  Stability	tests:		
•  Devices	stabilized	in	oven	at	
30	°C	

•  Resistance	measured	~	every	
1	sec	for	30	min	

•  TCR	measurements:	
•  Stabilize	oven	at	
temperatures	from	10	°C	to		
50	°C	

• Measure	resistance	at	each	
temperature	

•  Fairly	:me	consuming	
because	of	oven	stabiliza:on	
:me	
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