
 

 

  

    Abstract—3D Manifolded embedded Micro -Coolers (3DMMC) 

devices are becoming increasingly attractive and thereby, sought 

after active cooling solutions for high power density electronic 

components and devices. 3D-MMCs have shown the potential to 

effectively cool extreme levels of heat flux, characteristic of high-

power density electronics and microprocessors. Despite 

numerous studies that have experimentally demonstrated 

promising performance of small area (25 mm2) micro-coolers, the 

challenges associated with fabrication of large area (>500 mm2) 

have not been adequately discussed or documented. This study 

discusses in details, a well validated, repeatable and reliable 

process flow for making 3D-MMC devices of sizes ranging from 

10 mm2 to 1000 mm2 hotspot area via Silicon wafer micro-

processing. Specifically, this study delves deep into the high 

aspect ratio (>10) anisotropic Silicon etching that is characteristic 

of such microfluidic devices. Additionally, we have provided 

insight into process development in Deep Reactive Ion Etching 

(DRIE) by discussing several issues that are frequently 

encountered during this deep Si etching step, namely, formation 

of black Si by photoresist micro-masking, high surface roughness 

resulting from deep etching and etch rate drop off. We have 

demonstrated the importance of tweaking etching and 

passivation cycle times during etching, by showing that merely 

10% change in cycle times can eliminate these problems 

completely – this information is widely valuable to the Silicon 

microfabrication community. This study aims to document and 

disseminate a reliable high aspect ratio deep Si etching recipe 

that can be used to fabricate high performance large area micro-

cooler devices, and will hopefully act as a starting point for 

fabrication efforts and new recipe development. 

 
Keywords — microcooler, DRIE, etch, fabrication, 3D-
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I. INTRODUCTION 

Proliferating demand for higher performance from electronic 

gadgets requires packaging of high power density components 

like transistors (MOSFETs), GaN and GaAs IC components 

and FETs in very close proximity to each other, which in 

addition to boosting the device performance also generates 

massive amounts of waste heat. This waste heat flux, which 

can be as high as 1 kW/cm2, if not cooled effectively can 

significantly compromise performance, reliability and safety 

of these devices. To tackle this extremely high heat dissipation 

requirement, 3D-manifolded micro-cooler (MMC) embedded 
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cooling solutions have been conceived which consists of two 

layers – the Cold Plate layer consisting of a microstructured 

surface where actual heat transfer takes place and the 

Manifold layer which acts as a 3D fluid delivery scaffolding. 

Several studies have focused on experimental and numerical 

characterization of the heat transfer performance of these 

types of 3D MMC structures using cooling fluid in single [1-

2] and two-phase [3-7] regimes, which have proved to be quite 

promising when it comes to removal of massive amounts of 

heat from a small hotspot. Even though, the superiority of 3D-

MMC structures over other conventional heat sinks have been 

demonstrated both experimentally [1-7], computationally [8-

10] and theoretically [11], one of the prime deterrents to 

integration of these coolers to existing power electronics is the 

difficulty in fabrication, which involves complicated and 

expensive steps coupled with the lack of proper 

documentation and standardization of process flow and recipe 

conditions. All of the aforementioned studies have developed 

and employed different types of fabrication methods – 

Cetegen et al. used Micro Deformation Technology (MDT), to 

create parallel micro-channels on Copper Cold plate [7]. This 

technique is attractive in the context of heat sink 

manufacturing for its low-cost and non-subtractive mechanical 

deformation of the substrate to create the desired 

microstructure, which though is currently only limited to 

microchannels and pin fins. MDT is also associated with 

several geometrical limitations, in channel height, 0.2mm < H 

< 5mm and on aspect ratio (< 10). Moreover, the 

microchannels created are not perfectly vertical and have 

rounded tops, which makes subsequent eutectic bonding 

between the cold plate and manifold side extremely 

challenging.  

Recently, a lot of interest have been diverted towards 

fabrication of these embedded microchannel cooling systems 

using Silicon or SiC, because of their direct compatibility with 

Si chips and SiC high energy density inverters and power 

modules. Additionally, fabrication of cooling solutions out of 

Si and SiC eliminates the issues of Coefficient of Thermal 

Expansion (CTE) mismatch during bonding of power modules 

made of Si/SiC to these embedded cooling systems. Having 

the whole stack of power electronics and the associated 3D-

MMC made out of the same material increases device 

longevity and reduces mechanical failure from extreme 

thermal loading and cycling during operation. This demand for 

Si and SiC microcooler prompted fabrication attempts by Bae 

et al. who employed Deep Reactive Ion Etching on SiC wafers 
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to produce Cold Plate microchannels which are 10 μm wide 

and 52 μm deep [3]. DRIE process was employed by 

Drummond et al., Kermani et al. and Jung et al. on Si wafers 

to produce straight microchannels with widths of the order of 

30 – 100 μm and heights ranging from 100 to 300 μm [1, 2, 5]. 

The Manifold layers in these studies have been manufactured 

using different methods as well, although 3D printing is by far 

the most common technique – Mandel et al. [4] used 3D 

printed alumina to fabricate the manifold layer, Deisenroth et 

al. [12] and Bae et al. [3] manufactured their manifolds 

additively out of Ti-6Al-4V Titanium using selective laser 

sintering. Zhang et al. [13] showed that nominal fin thickness 

of 180 μm could be achieved by additively manufactured 

Inconel 718 for high temperature aerospace applications. Even 

though additive manufacturing is cheaper and faster compared 

to conventional lithography techniques, it suffers from several 

disadvantages. The CTE mismatch between the manifold 

material and Si could cause mechanical failure during thermal 

cycling, which is exacerbated under high temperature working 

conditions. Furthermore, the minimum achievable dimensions 

in the manifold side is limited to hundreds of microns, which 

makes it suitable only for macro-scale embedded heat 

exchangers. But in targeted hot-spot cooling applications, the 

overall chip area for heat transfer can be as small as 1 - 25 

mm2 and in such situation, manifolds with large channels 

leads to non-uniform flow distribution across the hot-spot and 

thus, poor thermal performance. Furthermore, the surface 

quality of additively manufactured parts is determined by the 

average particle size of the powder used during the laser 

sintering process, which gives rise to rough channel sidewalls 

and results in overall dimensional inaccuracy. This roughness 

also leads to challenges when it comes to thin metal layer 

eutectic bonding between the manifold and the Cold Plate 

layer, eventually leading to reduced heat removal capacity.  

To mitigate these drawbacks surrounding 3D printing and 

additive manufacturing, several researchers have fabricated 

micro-coolers using lithography based microfabrication 

methods. Kermani et al. [1], Jung et al. [2] and Drummond et 

al. [3] fabricated their manifold layer using a two-step DRIE 

etching process. One of the major challenges in making these 

devices using lithography based microfabrication, is the lack 

of standardized recipes to perform reliable high aspect ratio 

anisotropic etching. In this study, we have developed a recipe 

that can reliably etch microstructures anisotropically with very 

high aspect ratio of greater than 10. We have demonstrated 

process repeatability and characterized the etch rate and 

selectivity of Si etching with Photoresist and SiO2 mask. 

Additionally, we have discussed other issues like formation of 

Black Silicon and etch rate drop-off, that one might encounter 

during etching process and suggested methods to address 

them. This work provides a thorough and well-characterized 

documentation of the entire fabrication process with special 

emphasis on the deep Si front and backside etching steps for 

researchers trying to fabricate such manifolds or devices with 

high aspect ratio anisotropic features, using conventional and 

mass scalable cleanroom processes. This work is immensely 

valuable to industry and academia alike by aiding in process 

flow development as well as acting as a fabrication reference 

or starting point that could save significant amount of time, 

expense and manpower associated with the satisfactory 

fabrication of such devices.  

II. DEVICE DESIGN 

The micro-cooler device is composed of two separate layers – 

a) Cold Plate – the active heat transfer layer, and b) Manifold 

– this layer acts as liquid delivery and vapor extraction 

structure which reroutes the fluid efficiently to the Cold Plate 

(fig. 1). The manifold layer has inlet ports (I1, I2 in fig. 1) 

through etched on two sides which acts as the fluid inlet, 

which opens to a plane plenum area (P1, P2 in fig. 1) that 

distributes the supplied fluid uniformly before supplying it to 

the channels on the manifold. There are inflow and outflow 

channels alternatingly placed on the manifold side – the inflow 

channels are fed with cooling liquid from the plenum, the 

outflow channels are through etched and placed between the 

inflow channels that provide a path to the cooling fluid to exit 

the device. The cold plate has metallized heater pattern on one 

side which supplies uniform heat flux and straight 

microchannels etched on the other side where fluid flows in 

from the manifold inflow channels to extract the supplied heat. 

The cold plate is bonded to the manifold such that the cold 

plate microchannels are oriented perpendicularly on top of the 

manifold inflow and outflow channels. Thus, the cold plate 

microchannels act as short bridges connecting the inflow and 

outflow channels normally on the manifold and creates a short 

path for liquid to travel from the manifold inlet ports to the 

outflow sections. As shown in fig. 1, cooling fluid flows 

through the inlet ports, spreads in the plenum and is forced 

through the inflow channels on the manifold. 

 
Fig. 1. (a) Exploded view of 3DMMC device – top layer is the Cold 

Plate, bottom layer is the Manifold. Fluid flows from I1, I2 through 

P1, P2 into the manifold channels, from where it flows upward to the 

Cold Plate microchannels, exchanges heat and exits through the 

outlet conduits; (b) Bonded 3DMMC device showing heater location, 

cold fluid entry and hot fluid exit pathway; (c) Cross sections (A-A) 

shows dimensions of Cold Plate channels and (B-B) shows manifold 

dimensions 

 

Once in the inflow channels, fluid starts spreading in the short 

cold plate microchannels bridges perpendicularly to the 
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manifold channels until it reaches the outflow channel 

adjacent to the inflow channel, after which it exits out the 

device. 

III. COLD PLATE FABRICATION 

The Cold Plate is fabricated from a 500 μm thick 4 inch dia. 

Double Side Polished (DSP) Si wafer. The wafer is first 

cleaned followed by photolithography – SPR 220-3 

photoresist is coated on the wafer, followed by exposure of 

straight microchannels of widths 30, 60 and 90 μm. These 

microchannels serve as the convective cooling site in the 

microcooler device. After development, the wafer is etched in 

the Plasma Therm Versaline Deep Si Etcher (Pt-dse) to obtain 

microchannel depths of 150 to 250 μm. More details about the 

entire process flow is outlined in Table 1.

TABLE 1. DETAILED PROCESS FLOW – COLD PLATE FABRICATION. 

 

# Process Name Tool used Process details / Precautions and Challenges / Ways to overcome challenges   

1 Piranha Clean Wet-bench Wafers cleaned in piranha solution at 1200 C for 20 mins and dried thoroughly 

Processing on Cold Plate bottom side 

2 HMDS Prime YES Oven Wafers primed with HMDS (Hexa Methyl DiSilazane) to improve resist adhesion 

3 Spin Coat 

Photoresist 

Svg-Coat SPR 220-3 spun at 2000 RPM to get a PR thickness of 4 μm with Edge Bead 

Removal (EBR – process that removes PR from wafer periphery) 

4 Expose MLA 150 

Heidelberg 

Exposure of straight microchannel features with widths of 30, 60, 90 μm 

Dose (energy of exposing light) and Defocus (focal position of light on top surface 

of PR) values strongly influence exposed feature quality. 

Dose Defocus test with several values of dose and defocus was performed to find 

optimal dose = 240 mJ/cm2 and optimal defocus = -2 μm 

5 Develop Svg-Dev 3 alternating steps of puddle dispensation of MF26A for 60 secs developer and 

rinsing in water for 10 secs is performed on the spinning wafer 

6 Descum Technics Asher 30 second O2 plasma cleaning to remove organic PR residue from the bottom of 

developed features. Descumming should not be done for more than 30 seconds 

because O2 plasma strips photoresist aggressively. 

7 Hard-bake Oven Wafers put in 1100 C oven for 1 hour to hard-bake Photoresist which is to be used as 

mask for etching. Over baking should be avoided.  

8 Deep Silicon 

Etch 

Pt-dse (Plasma 

Therm Versaline 

Deep Si Etcher) 

Deep Reactive Ion Etching (DRIE) carried out until the wafers were etched to 

desired height. Several problems were encountered with existing recipes for deep Si 

etching which called for novel recipe development. (see Results section for more 

details) A new recipe developed at Stanford solved most of these problems. 

 
 

Fig. 2. The detailed process flow for fabrication of the Cold Plate 
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IV.  MANIFOLD FABRICATION 

Manifold wafers are fabricated from 1 mm thick DSP Si 

wafers. Thicker wafers are chosen to make the manifold side 

inlet channels taller to minimize overall pressure drop. Since 

the manifold layer consists of alternating inflow and outlet 

channels which need to be etched for different heights, 700 

μm and 1000 μm respectively, a single step of deep Silicon 

etch is not sufficient. Thus, to make the manifold layer, 

etching must be performed from both sides of the wafers. 700 

μm of etch is performed from the front side to etch inlet ports 

(I1, I2), plenums and both the inflow and outflow manifold 

channels, after which 300 - 400 um of etch is performed on the 

wafer backside only on the inlet ports (I1, I2) and outlet 

manifold channels (only on the areas requiring through 

etching of the wafer). This process involving double sided 

anisotropic deep Si wafer etching makes the fabrication 

process challenging. The process flow is outlined in details in 

Table2. 

 

TABLE 2. DETAILED PROCESS FLOW – MANIFOLD FABRICATION 
 

# Process 

Name 

Tool 

used 

Process details / Precautions and Challenges / Ways to overcome challenges   

1 Piranha Clean Wet-

bench 

Wafers cleaned in piranha solution at 1200 C for 20 mins and dried thoroughly 

2 Grow and 

deposit oxide 

Thermco 

CCP-dep 

Wet oxidation performed in a thermal furnace, Thermco at 10000C for 24 hours to grow 

2.5 μm SiO2 on both sides to act as hard mask while deep Si etching. 1 μm additional 

oxide CVD deposited on Manifold frontside at 3500C using CCP-dep. 

Processing on Manifold back side 

3 Lithography Spin coat 4 μm SPR 220-3 without EBR* – Expose design – Develop – Descum – Hard-bake resist 

for subsequent SiO2 etch (*EBR is not performed in order to avoid etching SiO2 and subsequently Si around 

the edges of the wafer. Very deep or through etch at the wafer periphery weakens the wafer and can cause 

breakage during later steps of processing and wafer to wafer bonding) 

4 Etch SiO2 

hard-mask 

Oxford 

RIE 

Oxide etch performed with CHF3 (45 sccm) and CH4 (15 sccm) plasma at 500W power 

at 100 mTorr chamber pressure. Etch rate = 220 nm/min, Selectivity (SiO2:PR) = 2.5  

5 Deep Si Etch Pt-dse 400 – 450 μm of etching performed on the backside using recipe B (details in Results) 

6 Sputter Al KJL 

Sputter 

A relatively thick layer (> 1 μm) of Al is deposited on the backside to protect backside 

features from etching during deep Si etching of the frontside of the wafer. 

Processing on Manifold front side 

7 Lithography Spin coat 4 μm SPR 220-3 without EBR – Expose design – Develop – Descum – Hard-bake resist for 

subsequent SiO2 etch 

8 Etch SiO2 

hard-mask 

Oxford 

RIE 

Process condition same as step 4 

9 Bond to 

carrier wafer 

Headway Crystalbond 509 solution is prepared by dissolving in acetone, spin coated on carrier 

wafer at 1500 RPM. The wafer backside is attached to the carrier wafer on a 1250C 

hotplate. 

10 Deep Si Etch Pt-dse 650 – 700 μm of etching performed on the frontside using developed recipe  

11 Separate 

Carrier Wafer 

Wet-

bench 

Wafer stack sonicated in acetone followed by heating on a 1500C hotplate to melt the 

Crystalbond. Wafers are slid away from each other very carefully using tweezers. 

 

Fig. 3. Detailed process flow for fabrication of the Manifold layer - involves a double sided etching process to achieve different etch heights in 

different parts of the wafer (Plenum and inflow channels etched to 700 um depth, inlet ports and outlet channels are completely through etched) 
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V.  BONDING & HEATER DEPOSITION 

The final step of the fabrication process is the deposition of 

heater patterns and RTDs on the frontside of the Cold Plate. 

The heater pattern will replicate a heating scenario during 

actual operation of the micro-cooler. The RTDs will measure 

heater temperature in specific locations on the chip.

TABLE 3. DETAILED PROCESS FLOW – BONDING AND HEATER DEPOSITION 

 

# Process 

Name 

Tool used Process details / Precautions and Challenges / Ways to overcome challenges   

1 Clean Wet-bench piranha solution at 1200 C to strip Al → 49% HF solution to strip SiO2  

2 Grow oxide  Thermco Wet oxidation to grow 1 μm thermal oxide on MF layer. (9000C for 12 hr 30 mins) 

3 Evaporate 

Ti/Au 

Innotec  • 20 nm Ti deposited to act as adhesion layer 

• 500 nm of Au deposited for Au/Si eutectic bonding, the Si source is the Cold Plate  

4 Deposit oxide CCP dep Deposit CVD SiO2 on MF backside to relieve wafer stress and reduce bow 

5 Align wafers EV align Wafers aligned for bonding using Bonding alignment marks 

6 Bond wafers EV bond Bonding carried out at 4200C (Au/Si Eutectic temp = 4100C) 

Processing on top of combined stack of CP and MF (heater patterning) 

7 Grow oxide CCP dep Deposit 200 – 500 nm of SiO2 to act as electrical passivation layer 

8 Lithography Heater and RTD masking pattern is used for exposure 

9 Evaporate (AJA Evaporator) 

→ Metal Lift-off 
• Evaporate 10 nm Cr/ 350 nm Pt which will act as heater layer and RTDs 

• Sonication in acetone for lift-off 

10 Deposit 

Oxide 

CCP dep Will act as protective layer to heaters and RTDs 

11 Lithography → Etch Oxide  Open up the pads for electrical contact for heaters and RTDs 

Fig. 4. Detailed process flow for Au-Si eutectic bonding and heater / RTD patterning using Cr-Pt liftoff 

 

The entire process flow to create the final device, has been 

performed more than 10 times to establish process reliability 

and repeatability. 

One of the major challenges in the aforementioned fabrication 

run turned out to be a reliable high aspect ratio (HAR) deep Si 

etching recipe to be used during deep Si etches of the MF and 

CP wafers. The pt-dse employs time multiplexed Bosch 

process [14] which is a pulsed etching process for deep Silicon 

etching where each cycle consists of two main steps – a) 

Passivation – This step involves protecting the sidewalls from 

etching by using a coating of an inert organic compound, C4F8 

and b) Etching – This step involves a Si etching gas, SF6. 

Plasma-driven directional bombardment on the passivated 

surface breaks the organic film deposited by C4F8 on the 

bottom wall but leaves part the film on the sidewall, this 

exposes the Si underneath to SF6 causing isotropic etcheing of 

Si by forming SiF4. These two cycles repeated alternatively in 

a precisely controlled manner can produce deep anisotropic 

structures with ease. Recently, anisotropic etching has also 

been demonstrated by maintaining continuous flow of both 

gases but varying the flow rate ratio periodically to obtain the 

functionality of the time multiplexed Bosch process [15]. 

Although, one of the major hurdles to successful etch recipe 

development in a time multiplexed Bosch etching scenario is 

the fact that anisotropic etch stability is achieved within a 

pretty narrow “process window”. Etch stability heavily 

depends on an intimate balance between the etching and 

passivation step which can be controlled by several process 

parameters like ICP Power, RF Bias, etching and passivation 

gas flow rates, pressure, substrate temperature etc. 

Prior studies have focused on characterizing such ICP based 

etching tools to determine the optimal combination of 

parameters for successful etching. Blauw et al. optimized the 

flow rate of C4F8 for a given etch depth and pulsing time [16], 

Rhee et al. investigated the effect of using an alternate 

passivating gas, C4F6 and found comparable or slightly 

improved etching anisotropy [17]. Ayόn et al. [15] 

investigated the effect of chamber pressure on etching, where 

he found a tradeoff – higher pressure increases the 

concentration of ions and radicals in the plasma to increase 

etch rate, but simultaneously reduces ion energy and DC bias 

across the plasma which leads to isotropic etching. The study 

also reported that Si etch rate was independent of C4F8 flow 

rate and ICP power during the passivation step. Nagarajan et 

al. [18] related the higher cathode temperature under the 

substrate to higher etch rate, but Tian and Bartek et al. pointed 

out that it could simultaneously lead to higher sidewall etch 

and lower polymer deposition rates which may result in 

sidewall erosion and undercut profiles [19]. Nagarajan et al. 

[18] proposed an additional Argon flow in the chamber that 

helps increase ion bombardment on substrate, improves etch 
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sidewall profile and anisotropy. Giapis et al. [20] reported 

better etch uniformity across the wafer by cooling the 

substrate – which makes the entire etching process dominated 

by the ion energy and not the local concentration of SF6. It 

was also found that increasing RF bias and SF6 flow while 

decreasing chamber pressure leads to better etch uniformity 

[21]. The effect of high ICP power and/or high RF bias on 

lowering SI:PR selectivity is well known in the etching 

community [22].  

 

VI. RESULTS AND DISCUSSION 

 

In this work, we have reported the importance of tweaking 

process time for the looping steps involved in HAR etching. 

We have demonstrated drastically different etching results 

obtained by tweaking cycle times alone by about 10%.  

We have chosen 4 looping steps as the backbone of our 

etching cycle  – a) Deposition – for polymer passivation using 

C4F8, b) EtchA – etching step to remove polymer from the 

base of the structure, c) EtchB – Silicon etching step, and d) 

EtchB_tr – Transition step to help move from EtchB to 

deposition without extinguishing the plasma within the 

chamber. This etching sequence is commonly used in the pt-

dse tool in Stanford Nanofabrication Facility (SNF). A 

systematic study was carried out by varying process times for 

each of these four loops while keeping the rest of the 

conditions same, to gauge the importance of tweaking 

processing times. Two recipes are reported in this study which 

despite having very similar process times (+/- 10%) yielded 

drastically different results – this finding established the 

importance of tweaking cycle times in developing reliable 

deep Si etching recipes. 
 

TABLE 4. DRIE RECIPE DEVELOPMENT 

 

Several problems were encountered while etching using recipe 

A, but were completely solved through recipe, B – 

 

i. Black Silicon – 
Black or Brown Silicon is caused by micro-masking of 

exposed Silicon surfaces intended to be etched, by photoresist 

or other particles. As a result, elongated roughness features 

form at the base of the etched structures over the micro-

masked zone. Formation of black Si, which can be identified 

by observing distinctive brown zones in any etched 

microstructure, is highly undesirable because it leads to poor 

surface quality, poor etch predictability and control by 

creating roughness elements. Although, in the context of 

developing convective micro-coolers, roughness elements in 

heat transfer sites are beneficial especially when two phase 

evaporation of boiling heat transfer is taking place. In such 

situations, the roughness elements enhance the overall surface 

area available for heat transfer and might also act as additional 

bubble nucleation sites during boiling. But, during 

microfabrication process, the formation of Black Silicon is 

accompanied with another problem – Etch rate drop off, which 

makes reliable deep anisotropic etching impossible. 

 

 
Fig. 5. (a) Black Silicon formation around a pattern as a result of PR 

micromasking (printed with permission); (b) Brown parts at the edge 

of wafers marked by yellow arrows indicate formation of Black 

Silicon; (c) Inconsistent etching and sidewall tapering observed with 

recipe A in the dark patch; (d) Extremely rough base of the etched 

zone indicates formation of Black Si 

 
Fig. 6. (a) Recipe A (blue curve) shows a non-linear etch rate as we 

etch deeper, to reach a plateau – this results from the Black Silicon 

formation, this problem is solved using recipe B (orange curve) 

which shows linear rise in etch depth as desired; (b) Wafer etched 

using recipe B has no brown regions, which indicate no Black Si; (c) 

Etched zone is much smoother compared to fig. 3d – also indicates 

that no Black Si is forming 

 

 Dep EtchA EtchB EtchB_tr 

time (s) Recipe A 2.5 1.5 3 1 

Recipe B 2.2 1.7 3.3 1 

Pressure (mTorr) 25 40 75 25 

C4F8 flow (sccm) 150 150 150 150 

SF6 flow (sccm) 150 150 300 150 

Ar flow (sccm) 30 30 30 30 

RF Bias 10 250 10 10 

ICP Power 2000 2000 3000 3000 
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ii. Etch rate drop-off – 
Formation of rough Black Si on the wafer is also accompanied 

by a drastic reduction in etch rate as we etch deeper. This 

causes significant problems when trying to etch very deep 

features (>500 μm). Recipe A showed etch rate drop-off after 

about 200 μm of etching and the total etch depth plateaus, 

while recipe B overcomes this problem completely (fig. 6a)  

 

iii. Inconsistent etch – 
An unusual inconsistency in etching, which leads to tapered 

channel cross section profiles, is seen in patches across the 

whole wafer with recipe A, which was also solved using 

recipe B. (fig. 5c) 
 

 
Fig. 7. (a,b,c) Cold Plate microchannels etched using recipe B; (d) 

Si:PR Selectivity for different channel widths of 30, 60 and 90 μm; 

(e) Si:SiO2 selectivity for 250 μm channel (f) One corner of the 

manifold wafer showing inlet port, plenum and channels; (g) Cross 

section A-A’ as shown in (f) imaged in an SEM which shows an 

alternating set of inlet (700 μm) and outlet channel (through etched); 

 

With recipe B, we obtained significantly high etch rates of 

around 1 μm per cycle or 8.3 μm/min which allows us to etch 

1000 μm through the manifold wafers relatively fast. We also 

obtained good selectivity with the masking layers, highest 

selectivity obtained with hardbaked SPR 220-3 Photoresist 

was 118 and that with SiO2 hardmask was a record high of 

240 (fig. 7 d, e). Qualification data for etching using recipe B 

and some of the etched channels using this recipe is reported 

in fig. 7. Although the microchannels shown in fig. 5a, b, c 

have perfectly anisotropic sidewalls, we do observe a small 

degree of profile tilting during 700 μm of manifold etch (fig. 

7g). Although this is not an issue for microfluidic heat 

exchangers, it might be detrimental to MEMS processing, 

molding and metal filling in TSV applications. As etching 

progresses,  the bombarding ions have to travel more to reach 

the base of etching features, but since the RF bias, which is 

responsible for ion acceleration, is constant, the ions 

decelerate before reaching the base of the etching zone – this 

leads to higher lateral etch rate by the plasma ions and causes 

a slightly tapered profile (fig. 7 g). To account for ion 

deceleration, dynamically increasing RF bias as etching 

progresses can also help maintain sidewall anisotropy even for 

very deep etches, although this could lead to reduced 

selectivity.  

Another major drawback of chemical based Bosch etching is 

ARDE (Aspect Ratio Dependent Etching) [22] where features 

with larger exposed area gets etched much faster than smaller 

features. This is purely a transport limited outcome that causes 

higher etching ion concentration immediately next to the 

larger features with more exposed silicon. While performing 

deep Si etching of microstructure which contains both low and 

high aspect ratio features, we observe significant difference in 

etching depth in different zones. ARDE affects etching 

drastically especially for such larger area micro-coolers 

because of the significant difference in aspect ratio across 

different parts of the wafer. In our case, the inlet and plenum 

area of the manifold device get etched significantly faster than 

the microchannel area as shown in fig. 8.  

 

 
Fig. 8. (a) ARDE in the manifold side, where the etch rate at the 

corner of the manifold is the highest, followed by the plenum area. 

The slowest etch rate is seen at the center microchannel areas; (b) As 

seen in the slides, the corners open up first, followed by the inlet 

ports. Eventually the microchannels start opening up from the edge 

and progress towards the center. 
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This causes significant problems during backside etching of 

the manifold to open up the significantly larger inlet ports and 

comparatively smaller outlet microchannels – inlet ports open 

up much faster than outlet channels. In absence of a protective 

film on the frontside, the etching gas can flow through these 

inlet holes and can cause undesirable etch on the frontside 

features – this is the sole reason for sputtering Al on the 

frontside of the wafer before continuing to process the 

backside. The thin Al film acts as an excellent etch stop 

material during backside etching and prevents any unwanted 

etching on the frontside.  

VI. CONCLUSIONS 

3DMMC solutions are becoming increasingly popular options 

for dissipation of extreme heat flux from high power density 

devices. Despite superiority of such devices in cooling 

hotspots, they are not being actively integrated into actual 

devices like EVs, aircrafts etc. One of the major reasons can 

be attributed to the lack of standardized knowledge on 

manufacturing these complicated large area microfluidic 

devices coupled with cost, time and manpower required for 

fabrication. In this work, we have presented a reliable and 

repeatable microfabrication process flow to make scalable 3D 

MMC devices from Si wafers to be able to cool hotspots of 

sizes ranging from 20 to 650 mm2 while simultaneously 

discussing challenges in fabrication. This will act as a starting 

point for future fabrication efforts into making such devices. 

Additionally, we have discussed the issues faced during HAR 

etching via time multiplexed Bosch process of Si like black Si, 

etch rate drop-off and etching inconsistency. We have 

demonstrated the importance of tweaking cycle times, by 

successful mitigation of these problems through a novel recipe 

development. The recipe developed showed a high etch rate of 

8.2 μm/min and record high selectivity of 118 with SPR 220-3 

and 240 with SiO2. We have also discussed how ARDE poses 

a hurdle to reliable backside etching, which has been solved 

by using an Al coat on the frontside before proceeding with 

backside etch. This work will add value to the already existing 

knowledge on microfabrication based manufacturing of 

microfluidic devices and open up further avenues of research 

on several aspects of HAR Bosch etching. 
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