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1  SOP Objective 
 
Atomic layer deposition (ALD) is a type of chemical vapor deposition that boasts self-limiting growth, 
allowing for precise control of film thickness while still yielding conformal growth. While ALD films are 
typically grown at temperatures exceeding 200oC, growing interest in fragile materials and structures is 
necessitating the development of low temperature ALD processing. This document contains a standard 
operating procedure for ALD growth of primarily AlOx (alumina) thin films below 100oC.  

2  ALD Process 
2.1  Overview  
 
Broadly, the steps to grow an ALD film are as follows: 
 
1) Clean substrate. 
2) [If using a seed layer] Deposit seed layer. 
3) [If using a seed layer] Clean seeded substrate. 
4) ALD growth. 

 
We detail each step below. More generally, these steps should be appropriately situated inside a full 
process flow, which may include patterning or etching the ALD film. Regarding process steps following 
ALD growth, we emphasize that photodevelopers can etch ALD films; in particular, TMAH aggressively 
etches alumina. 
 

2.2  Cleaning 
 
Care must be taken to avoid carbon contamination on substrates, as any carbon adsorbed onto the 
substrate will be incorporated into the ALD film and degrade film quality. If possible, cleaning should 
closely precede deposition to limit new carbon adsorbates after cleaning. We used the following cleaning 
procedure; alternative cleaning procedures may be chosen based on the requirements of the substrate. 
 
1) Rinse with a stream of DI water. 
2) Soak in acetone with sonication. 
3) Rinse with a stream of acetone. 
4) Soak in secondary acetone. 
5) Soak in isopropanol. 
6) Blow dry with nitrogen. 
 

2.3  Seeding procedure 
 
At low temperatures, generating even nucleation of ALD films can be challenging. If the number of 
chemically active sites are limited, films may grow in islands for the first few cycles and result in 
nonuniform film quality. This issue can be avoided by seeding the ALD film, i.e. depositing a thin layer 
of a metal oxide prior to ALD growth. These films can then act as sources of nucleation sites and spur 
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uniform film growth. We elected to evaporate pure metallic aluminum layers and allow them to oxidize in 
atmosphere. The following procedure was chosen to ensure the seed layer oxidizes fully and therefore 
does not form a parasitic conductive layer: 
 
1) Evaporate 1 nm Al in an electron beam evaporator at 0.4 A/s. 
2) Remove from vacuum and expose to ambient atmosphere for 20 min. 
3) Repeat steps 1 and 2 until the seed layer reaches desired thickness. 
 
The thickness of the seed layer increases when oxidized in atmosphere. We found that the thickness of the 
seed layer increased by a factor of 2.9 from the thickness of the deposited Al (see supporting data). 
 

2.4  ALD procedure 
The standard process for using the SNF Savannah tool can be found at 
https://snfexfab.stanford.edu/equipment/savannah-savannah.  
To run a deposition at non-default temperatures, the heater setpoints need to be chosen to ensure a 
positive thermal gradient throughout the system. We here detail processes used for depositing alumina at 
60oC and hafnia at 85oC. Hafnia cannot be deposited lower then 85oC because the hafnia precursor must 
be heated to 75oC to be volatile. Compared to the standard process, there are also additional steps related 
to cooling the chamber. 
 
1) In the Savannah software, load the standard recipe for the desired film. 
2) Adjust heater setpoints in the Savannah software, changing the heater setpoints of the recipe AND on 

the chamber control (Figure 1). 
a) For alumina at 60oC: 

i) Precursor manifold = 50oC. 
ii) Inner and outer chamber heaters = 60oC. 
iii) Stop valve and trap/pump line =50oC. 
iv) Precursor jacket not heated (default value, do not change). 

b) For halfnia at 85oC:  
i) Precursor manifold = 80oC. 
ii) Inner and outer chamber heaters = 85oC. 
iii) Stop valve and trap/pump line = 80oC.  
iv) Precursor jacket = 75oC (default value, do not change). 

3) Vent the chamber. 
4) Allow all heaters to reach their designated setpoints.  

a) Cooling is fastest if the chamber lid is left sitting open, exposed to air. While the chamber is 
open, however, the user must remain by the tool to ensure the chamber is not contaminated.  

b) If you need to step away from the tool during cooling, close the lid and place the heat guard over 
the chamber. 

5) Load samples after the chamber temperature reaches the desired setpoint. 
a) Place samples in the center of the chamber. Even though growth should be uniform throughout an 

ALD chamber, the center of the chamber will provide the most consistent films when depositing 
at low temperature. 

b) If using small chips, or chips coated by resist, place the chips on top of a 4” silicon carrier wafer. 
6) Close and evacuate the chamber. 
7) Set the software to run the desired number of ALD cycles. 
8) Lengthen the purge times on the software; when depositing alumina at low temperature, we 

recommend a 60s purge time for both water and TMA precursor. 
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9) We also recommend changing the wait time before deposition to 25 minutes, as water takes longer to 
pump from the chamber at low temperatures. Begin the ALD process.  

10) When the process is complete, vent the chamber and remove your samples. 
11) Close and evacuate the chamber, replace the heat guard, and run the “STANDBY” recipe to return the 

heaters to their standard setpoints. 
 

 

Figure 1. A) Example alumina deposition recipe. Yellow boxes indicate the parameters to adjust 
for low-temperature depositions, as described in steps 2, 7, 8, and 9 above. B) Heater setpoints 
can be manually adjusted to immediately begin cooling. Yellow boxes indicate the heaters that 

should be reset from their default values. Note: never adjust the heater setpoints of the precursor 
jackets.  

3 Device Design and Fabrication 
3.1  MIM Structures 
Metal-insulator-metal (MIM) capacitor structures can be used to characterize electrical properties of 
dielectrics. The simplest devices employ uniformly deposited back metal contact and insulator layers and 
a patterned top contact layer. It is important to use a noble metal for the back contact because other metals 
will oxidize between depositing the back contact and the insulator, which will affect the measured 
capacitance of the device. We chose Pt for the back metal layer because ALD alumina is known to 
nucleate well on Pt; we chose Pt for the top contact metal layer so that the two metal layers would be 
identical and the capacitance would therefore be independent of voltage. 
 
3.1.1  Fabrication methods: 
 
1) Clean a silicon wafer with a 300 nm thermal oxide. 

a) Insulating silicon or another insulating substrate may be used instead. 
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2) Put the wafer into an electron-beam evaporator. Deposit 5 nm Ti as a sticking layer, and then 50 nm 
Pt as the back metal contact. 
a) We deposited metal at 1 A/s using the KJL evaporator; these details are unimportant. 
b) Cr can be used instead of Ti as a sticking layer. 
c) Au can be used instead of Pt for the back metal contact. 

3) Cleave wafer into 10 mm square chips with a diamond scribe. 
4) Deposit seed layers and an ALD dielectric film as described in §2. 
5) Put the chips back onto the electron-beam evaporator chuck. Using clamps or Kapton tape, gently 

place a shadow mask over but in contact with the chips. 
a) The shadow mask should have a grid of dots; we used a mask with 200 um diameter circular 

holes at a 1 mm pitch. 
b) Photolithography and liftoff may be used as an alternative to shadow-masking. 

6) Deposit 5 nm Ti as a sticking layer, then 50 nm Pt as the top metal contact. 
7) Remove mask to reveal finished devices. 
 

3.2  Tunnel Junction Devices 
 
Tunnel junctions can be used to probe characteristics of very thin dielectric films (~ 1 nm). Because thin 
films typically are more defective than thicker films, it is often desirable to pattern both top and bottom 
contacts to restrict the junction area to smaller regions than is feasible otherwise. Our design, which 
features junctions ranging from 16-240 µm2, is shown in Figure 2. 
 
3.2.1  Device design considerations:  
 
1) Include alignment marks on the pattern for the back contacts. This ensures the junction regions are as 

close to their nominal size as possible. 
2) Electrical measurements will likely be limited by the number of vertical steps/corners on the device 

(where the dielectric climbs over the step between substrate and back contact) as a result of field 
focusing. The number and shape of steps over which the junction climbs should therefore be chosen 
to match the final intended purpose of the thin films. 

3) Similarly, the edge length of a given step may have more impact over electrical properties than the 
total junction area. Performance scaling with both parameters should be examined. 

4) Patterning the back contact using liftoff leaves large sidewalls. Sidewalls exacerbate the issues raised 
by edge steps. Instead, consider patterning the back contact by uniform metallization followed by a 
patterned etch.  
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Figure 2. (left) optical micrograph of a tunnel junction device and (right) schematic cross section of the 

tunnel junction stack. Junction areas range from 16-240 µm2.  

3.2.2  Fabrication: 
 
1) Clean the chip (se cleaning section) 
2) Deposit the patterned back contact as appropriate (see device design considerations). We used the 

following photolithography and liftoff procedure: 
a) Briefly spin coat hexamethyldisilazane as an adhesion promoter 
b) Immediately spin coat AZ1512 
c) Bake 5 minutes on a hotplate at 95oC 
d) Expose using the ML-3 direct write system at 120 mJ/cm2 
e) Develop 35s in MF-316 
f) Deposit 5 nm Ti + 50 nm Pt in an e-beam evaporator 
g) Liftoff in acetone 

3) Clean the chip with aggressive sonication (see cleaning section) 
4) Further clean the chip with an indirect oxygen plasma ash to remove resist scum. Parameters are tool 

dependent. We used 300W RF power for 15s in a March Instruments PX-250. 
5) Deposit ALD film as usual. 
6) Clean the chip 
7) Pattern the top contacts using the desired technique. We used the following photolithography and 

liftoff procedure: 
a) Briefly spin coat hexamethyldisalizane as an adhesion promoter 
b) Immediately spin coat AZ1512 
c) Bake 5 minutes on a hotplate at 95oC 
d) Expose using the ML-3 direct write system at 120 mJ/cm2 
e) Develop 35s in CD-30. Do not use a TMAH-based developer 
f) Remove resist scum with an indirect oxygen plasma ash 
g) Deposit 5 nm Ti + 50 nm Pt in an e-beam evaporator 
h) Liftoff in acetone and clean the chip 
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4  Characterization 
4.1  Physical characterization 
 

4.1.1  AFM 
 
Atomic force microscopy (AFM) provides very precise measurements of step heights, which is valuable 
to determine the thickness of few-nm ALD films. However, a step between substrate and ALD film must 
first be created. This is unusually difficult with ALD films because they grow conformally around 
everything. We accomplished this with a liftoff procedure designed to ensure sharp step edges, which are 
amenable to AFM. 
 
Procedure for ALD step height measurements: 
 
1) Clean a chip cut from the substrate of interest. As necessary, deposit a seed layer and clean again. 
2) Using a needle, drop a small blob of dried PMMA onto the chip (Figure 3A&B). 

a) Hold the needle at a glancing angle so it does not scratch the chip. 
b) Dried PMMA is made by baking a vial of PMMA on a hotplate until it is highly viscous but not 

solid. Use PMMA in anisole. Bake in a fume hood. 
3) Bake the PMMA on a hotplate at 120oC for 5 minutes to fully evaporate the solvent. 
4) Deposit ALD as detailed in section 2. 
5) Liftoff the PMMA blob in acetone. This is tricky because ALD will grow conformally around the 

blob. The final result is show in Figure 3C. 
a) Before putting the chip in acetone, gently scratch the center of the blob with a needle. 
b) Soak the chip in acetone for at least 5 minutes, then sonicate for at least 30 seconds. This helps 

ensure the liftoff step will be sharp. 
c) Clean the chip with a harsh stream of acetone. This helps remove liftoff fragments from the chip. 
d) Soak the chip in secondary acetone. 
e) Soak the chip in isopropanol. 
f) Blow dry with nitrogen. 

6) AFM using the standard procedure for any tool. 
a) We used the Bruker Icon. 
b) For accurate measurement, ensure that the AFM scan direction is across the liftoff step, not along 

the step, and that the liftoff step is centered in the image. 
c) For accurate analysis of the step height, first correct the image using a first order plane fit to the 

substrate side of the step. Then make a histogram of the heights in the image. The heights should 
be bimodally distributed. One peak corresponds to the substrate, the second peak corresponds to 
the ALD film. The ALD thickness is given by the distance between the center of the two peaks. 
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Figure 3. Using drop-cast PMMA for ALD liftoff. A) Using a needle to place a small blob of 

dried PMMA on a silicon chip. B) Silicon chip with a small blob of PMMA. C) Silicon chip after 
ALD deposition and PMMA liftoff. The regions of bare substrate that were masked by PMMA 

during the deposition are indicated.  
 

4.1.2  Ellipsometry 
 
Ellipsometry is a fast and simple method that provides information about the thickness of thin films. 
However, ellipsometers have poor spatial resolution and therefore average information over their ~1mm2 

spot size. As a result, a sample with roughness on the order of the film thickness is not a good candidate 
for ellipsometry. 
 
A general procedure can be found at https://snfexfab.stanford.edu/equipment/woollam-woollam. Data 
analysis can be performed either within the cleanroom at the Woollam or outside of the cleanroom, at the 
computer in the SNF staff cubicle area.  
 
We recommend the following procedure for measuring the thickness of ALD films with ellipsometry: 
 
1) Measure bare substrate before any seeding or ALD deposition according to the tool manual. 
2) Analyze the data to determine a model for the substrate. Fit n and thickness (not k) and save any 

relevant substrate thicknesses (i.e. native SiO2 on bare Si) and optical models. 
3) Deposit seed layers and ALD films as needed. 
4) Measure the substrate/film heterostructure. 
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5) Analyze the data to determine ALD film properties. Import the saved thickness and optical model of 
the substrate from step 2. Add a layer of the ALD film material; fit n and thickness but do not fit k. 

 

4.2 Electrical characterization 
 
Current-voltage (I-V) and capacitance-voltage (C-V) measurements can be performed using the 
Micromanipulator6000 in SNF ExFab. The Micromanipulator manual can be found at 
https://snfexfab.stanford.edu/equipment/micromanipulator6000-iv-cv-probe-station-
micromanipulator6000. Although the micromanipulator is capable of four-point measurements, the 
protocols described below only require two probes.  
 

4.2.1 Load sample 
 
1) Enable the tool on Badger. 
2) Raise the enclosure screen. 
3) Place the sample on the sample chuck. 
4) Turn on the vacuum to secure the sample. 
5) Use the stage controls to move the sample into position (i.e. so the region of interest is visible in the 

microscope. 
6) Move the probes close to position by hand and make fine adjustments with the knobs on the sides of 

the probes.  
 
4.2.2  Make contact to the back contact 
 
1) Attach one probe to SMU3, and the other to SMU4. 
2) Move both probes over the back contact region, close to top contact of interest.  
3) Lower the probes into contact with the sample and scratch both probes through the ALD film (Figure 

4A). 
4) Run an I-V sweep from 0V→100 mV→0V in steps of 1 mV with a compliance current of 1 mA. 
5) Check to see if your measured resistance agrees with your expectations for the back contact’s 

resistance (~10 Ohms for a metal). 
6) If the measured resistance is too high, one or both of your probes is not in contact with the back 

contact. Scratch a little further. 
7) Repeat steps 4-6 until both probes are in contact with the back contact. 
8) Lift the probe connected to SMU3, leaving the other behind. 
 

4.2.3 Make contact to the top contact 
 
1) Move the SMU3 probe directly over (not touching) the top contact of interest. 
2) Start a Cs-Rs measurement through CMU1 (this is the same as SMU3) at 1 kHz excitation, from -100 

mV→100 mV→-100 mV in 1 mV steps. Line self-capacitance should be ~400 fF. 
3) Lower the probe slowly while watching the C-V measurement. When the measured capacitance 

jumps to its expected value (order 100 pF for 10 nm AlOx dielectrics and MIM structures described 
in §3.1), stop lowering the probe. The final probe positions are shown in Figure 4B.  

4) Gently turn off the microscope light, being careful not to bump anything. 
5) Ensure the measured capacitance did not change during step 4. If it has changed, turn the light back 

on and return to step 3. Otherwise, proceed. 
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6) Slowly close the enclosure. 
7) Ensure the measured capacitance did not change during step 6. If it has changed, turn the light back 

on, open the enclosure, and return to step 3. Otherwise, report the measured capacitance. 
8) After determining the capacitance, determine the breakdown voltage of the device by measuring the I-

V characteristic of the device starting at 0 V and sweeping upwards until breakdown. At the 
breakdown voltage, the device will suddenly become an electrical short. 

9) Repeat as needed with additional top contacts.  
 

 
Figure 4. Schematic representations of the steps to contact MIM devices with a 

micromanipulator. Black triangles represent micromanipulator probe tips, grey dots represent 
metallic top contacts. A) Ensuring good electrical contact to the back contact by scratching both 

probes through the ALD film. B) One probe moved to the top contact for dielectric 
measurements.  

4.2.4 A note on capacitance measurements 
  
 We recommend modeling MIM structures as a capacitor and a resistor in series. On the 
Micromanipulator, this is done by selecting Cs-Rs measurement (one of the standard available 
measurements). We recommend performing this Cs-Rs measurement through CMU1 at 1, 10, and 100 
kHz excitation, from -100 mV→100 mV→-100 mV in 1 mV steps. Within this voltage range, most 
dielectrics should have a flat and linear C-V relationship. Data can be exported and analyzed in your 
preferred software. 
 

4.2.5 A note on breakdown measurement 
 
 After measuring the capacitance of the MIM structure, breakdown I-V measurements can be 
performed. Note: this will irreversibly affect the local dielectric, so all other measurements should be 
completed first. We recommend 0V→20 V→0V sweeps in 5 mV steps with a 100 mA compliance 
current. Measured current should begin as pA noise around 0 A. The measured current will increase 
exponentially in the pre-breakdown regime. At the dielectric breakdown voltage, the current will 
suddenly jump to the compliance limit. Data can be exported and analyzed in your preferred software. 
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5  Supporting data 
5.1  Growth of seed layer 
 

 
 
Figure 5. Seed layer thickness versus nominal deposited thickness, measured by AFM. As a consequence 
of exposure to air and subsequent oxidation, the deposited film swelled beyond the nominal deposited 
thickness; in this case (aluminum deposited with the KJL), the film grew by a factor of 3 after oxidation.  
 

5.2  Growth of ALD films 
 

 
Figure 6. Thickness per cycle for ALD-grown (blue) alumina and (red) hafnia films versus deposition 
temperature. Data is from 100-cycle growths measured by AFM. Alumina grows slightly thicker at higher 
temperatures. Hafnia grows thinner at higher temperatures; its growth is heavily temperature dependent 
below 100oC since its precursor, TDMA-Hf, is less volatile (boiling point 57oC). 
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Figure 7. Root-mean-square (RMS) percent thickness nonuniformity versus purge times for 100-cycles of 
ALD alumina grown at 60oC. Each data point is calculated from the thicknesses of five chips scattered 
around the deposition chamber (locations: top, bottom, right, left, center) measured by ellipsometry. 
Longer purge times dramatically increase the film uniformity at low deposition temperatures. 

 
5.3  Growth of ALD films on seed layers  
 

 
 
Figure 8. Thickness of 140 cycles ALD alumina as a function of seed layer thickness. Films grown in 
SiO2 are indicated by blue circles, and films grown on Bi2Te3 topological insulators are indicated by red 
squares. Nominal film thickness, corresponding to 1 A/cycle deposition, is indicated by the dashed line. 
All thickness measurements were done with AFM. 
 

 


